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 Plasmonics, the study of light metal interactions, has shown great potential in the 
fields of spectroscopy, catalysis, medicine, and photovoltaics.  There is significant interest 
in the design of metal nanoparticles that interact with specific wavelengths of light.  By 
changing the size, shape, and metal composition, nanoparticles can be tuned to interact 
with different regions of the electromagnetic spectrum.  Gold and silver are the two most 
common metals used in plasmonics, but are inefficient in the ultraviolet (UV) wavelength 
range and expensive.  This has driven the research of plasmonics with non-noble metals 
that support plasmons in the UV and are cost-effective.  Aluminum has been widely 
considered to be the ideal metal to fill this application has favorable plasmonic properties 
in the UV wavelength range and is cheap.  However, Al is difficult to structure at the 
nanoscale due to its rapidly forming and chemically stable native oxide. 
 Here we report the simple, large scale fabrication of Aluminum nanoparticle 
antennas.  These nanoparticles have plasmon resonances in the UV, visible, near infrared, 
and infrared wavelengths.  We demonstrate the utility of these nanoparticles as substrates 
for surface-enhanced infrared absorption spectroscopy, a wavelength range that is usually 
not associated with Aluminum.  We also demonstrate that this fabrication technique allows 
for the fabrication of more complex nanoparticle geometries.  These complex nanoparticles 





We also demonstrate the potential of magnesium as a plasmonic metal.  Magnesium 
is shown to support plasmon resonances from the UV to near infrared wavelengths.  We 
investigate the plasmonic properties of nanostructured magnesium films and demonstrate 
that pure magnesium does not support sharp nanoscale features.  By alloying magnesium 
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1.1 Localized Surface Plasmon Resonance
As materials are scaled down to nanometer sizes, their physical and chemical 
properties change drastically.  The noble metal gold (Au), which has a distinct yellow 
appearance as a bulk material is a common example.  By decreasing the dimensions of Au 
particles to the nanoscale, this optical property that we take for granted is significantly 
altered.  This change in the optical property of Au has been exploited for centuries to make 
red stained glass.  Au’s appearance at the nanoscale is explained by plasmonics; the study 
of light-metal interactions.  When metal particles are decreased to the nanometer size, 
nanoparticles (NPs) experience the electric component of an electromagnetic (EM) wave 
as a uniform field.1  When the electric field passes over the particle, electrons in the 
conduction band are perturbed leading to a dipole whose direction is dictated by the 
incident field (Figure 1.1).1, 2  This collective oscillation is known as localized surface 
plasmon resonance (LSPR) and spatially focuses the EM field near the surface of the 
particle.  The frequency of the resonance condition depends on the size, shape, metal, and 
dielectric environment of the NP.  This field enhancement decays evanescently, leading to 
areas of high EM field enhancement near the particle’s surface.  This property has been 
used to nondestructively enhance spectroscopic signals in techniques such as; surface-






 Plasmonic materials have applications in fields beyond just surface-enhanced 
spectroscopies.  In photovoltaics, metal NPs are used to improve the solar efficiency by 
increasing light absorption and scattering.11-15  Likewise these particles have been used in 
photocatalysis, helping to improve reaction efficiencies by increasing the amount of 
available light at the nanoscale.16-19  Metal NPs have also found use in the medical 
community for therapeutic and diagnostic applications.20, 21  In the aforementioned 
applications the metal NPs must interact with specific wavelengths of light, which is 
accomplished by changing the size, shape, and metal composition.  Consequently, 
designing and fabricating metal NPs to interact with specific wavelengths remains an active 
area of research. 
 
1.1.2 Noble metals 
In order to design plasmonic materials, there are considerations that must be 
accounted for.  The sphere in Figure 1.1 is polarized by the incident light which results in 
an enhanced electric field on the surface.  The field enhancement at the surface of a metal 
sphere (Eout) is described by Eq. 1.1.  The first term describes the contribution from the 
incident field and the second term describes the enhancement due to the induced dipole.  
Here Eo is the magnitude of the applied electric field, α represents the polarizability of the 
metal sphere while x, y, z, x, y, z are the Cartesian coordinates and Cartesian unit vectors, 
respectively, while the radial distance is represented by r.  This equation shows that the 
field enhancement of the sphere is primarily dependent on distance from the surface (r, 
which leads to the evanescent field decay) and the polarizability of the sphere.  The 





the sphere (a), the complex dielectric function of the metal sphere (εin), and of the 
surrounding media (εout).  The polarizability of the sphere reaches a maximum when -2εin 
= εout, consequently this condition leads to the largest field enhancements.  Since the 
dielectric function of a metal is a complex number (Eq. 1.3), the imaginary component (ε2) 
must be small while the real component (ε1) should be large and negative.22  By selecting 
metals that are readily polarizable, nanoparticles with large field enhancements can be 
designed. 






(𝑧𝒛 + 𝑥𝒙 + 𝑦𝒚)] (1.1) 
 𝛼 = 𝑎3
𝜀𝑖𝑛 −  𝜀𝑜𝑢𝑡
𝜀𝑖𝑛 +  2𝜀𝑜𝑢𝑡
 (1.2) 
 𝜀𝑖𝑛 = 𝜀1 + 𝑖𝜀2 (1.3) 
Au and silver (Ag) have been used extensively in the field of plasmonics, especially 
in SERS and SEIRA, because of their favorable dielectric properties.9, 23-27  An ideal 
plasmonic material will conduct electrons and not absorb light over the wavelengths of 
interest.  From Figure 1.2 it is evident that ε1 for both Au and Ag is large and negative over 
the visible and IR wavelength range.  A negative ε1 indicates the material is highly 
conductive, allowing electrons to move freely over these wavelengths, a property that is 
desirable if we want to induce a collective electron oscillation.  Alternatively ε2 is small 
and positive over a similar wavelength range.  High values of ε2 are associated with losses 
in the material (typically by absorption) and are not desirable as they dampen the 
polarizability.  Ag is widely considered to be the best plasmonic metal in terms of optical 
properties, due to its low losses (low ε2) and high conductivity (high ε1) over the visible 





properties, its chemical properties are superior. 
Au is one of the most chemically inert metals available, consequently, it is safe to 
handle and stable in many applications.  The primary concern for plasmonic metals is their 
susceptibility to oxidation.  Au does not succumb to oxidation under normal atmospheric 
conditions unlike Ag.  On a macroscopic level, Ag will slowly oxidize over time, giving it 
a tarnished appearance.  At the nanometer scale, the oxidation process is more pronounced 
due to the increased surface area.  The Ag oxide that forms is not self-limiting and does 
not support a plasmon resonance, meaning that Ag NPs have a limited shelf-life.  
Consequently many researchers favor Au both in fundamental studies and in applications. 
While Au and Ag possess desirable optical characteristics in the visible and NIR 
wavelength ranges, they are incapable of supporting plasmon resonances in the ultraviolet 
(UV) range.  As ε1 decreases to zero and ε2 increases, indicating no conductivity and high 
losses (Figure 1.2).  This phenomenon is due to the presence of interband transitions for 
Ag and Au at around 310 nm and 500 nm, respectively.  Consequently, light below these 
wavelengths leads to the excitation of electron-hole pairs instead of coherent electron 
oscillations.  Metals capable of supporting plasmons in the UV region have garnered 
considerable attention in recent years.  Plasmonic metals that are active in the UV have 
potential applications in photovoltaics, catalysis, and surface-enhanced spectroscopies 
particularly UV-SERS.3, 16, 17, 19, 28-33 
 
1.1.3 Non-noble plasmonic metals 
Several non-noble metals have the potential to be used in UV plasmonics, including 
aluminum (Al), magnesium (Mg), indium, gallium, and lead.29, 30, 34  These metals maintain 





noble metals have not found broad appeal in the plasmonics community due to various 
chemical or physical properties.  Lead is highly toxic and consequently cannot be used in 
biological applications,  gallium melts at very low temperatures (29.8˚C) which makes it 
very difficult to structure at the nanoscale, indium is difficult to structure and is 
expensive,35 and, while magnesium has been shown to have excellent UV plasmonic 
properties, pure Mg suffers from rapid and complete oxidation in the presence of water34, 
36, essentially eliminating the use of pure Mg in any biological application.  Al has been 
the most promising metal since it is inexpensive, has limited toxicity, is thermally stable, 
and has a self-limiting oxide.  
Although Al is one of the more promising of the non-noble metals, there are a few 
properties that make it difficult to structure at the nanoscale.  One notable issue is the 
presence of the Al oxide layer that forms rapidly upon exposure to oxygen.  Unlike Ag or 
Mg, this oxide layer is self-limiting at ~3nm and is thermally and chemically stable (Figure 
1.3).37  Several common methods for NP fabrication have been employed to synthesize and 
fabricate Al plasmonic structures with varying degrees of success.38    
 
1.1.4 Shape effects of nanoparticle antennas 
Metal NPs can be treated as antennas that manipulate light at the nanoscale,  
however, radio frequency (RF) antenna theory does not always accurately describe the 
interaction of metal NPs and light at optical frequencies.39  This is because metals 
experience large resistive losses at optical frequencies resulting in a phase offset between 
the incident radiation and the electronic oscillation in the metal.  Some aspects of RF 
antenna theory translate well at the nanoscale, such as sharp tips leading to large field 





is the issue of impedance matching, which helps to maximize energy transfer from the 
incident radiation.  In RF antennas, this is accomplished through the use of transmission 
lines which couple the circuit load to the antenna.  In a nanoscale antenna system, this is 
achieved through the use of a small, dielectric gap which helps to maximize energy 
transfer.  The design of materials that can produce large field enhancements to enhance 
spectroscopic sensitivity is focused on producing sharp features, small gaps, or a 
combination of the two.41-43 
 
1.2 Nanoparticle Fabrication 
1.2.1 Bottom up synthesis (also known as metal salt reduction) 
One common technique for the synthesis of plasmonic NPs, is the reduction of a 
metal salt.  This method is well suited for the production of large amounts of particles in 
solution.  For the synthesis Au and Ag NPs, this process is very straightforward, AuCl4 or 
AgNO3 is reduced with NaBH4 and capping agents are used to direct particle shape.
44, 45  A 
similar approach can be used to synthesize Al NPs, where Al hydride is reduced to Al 
metal.46  However, Al hydrides undergo rapid exothermic reduction in the presence of 
water, and consequently, significant precautions are required.38  Compared to Au or Ag, 
comparatively little work has been done on the bottom up synthesis of AlNPs; 
consequently, there is a limited range of shapes and sizes that have been achieved, thus 
limiting the tunability of this approach.  In a broader sense, the bottom up synthesis of 
metal NPs suffers from the lack of orientation.  This is not an issue if the particles will 
remain in solution, but if the particles will be used in a system where uniform orientation 






1.2.2 Top down fabrication 
An alternative approach to the fabrication of NPs that maintains orientation and can 
be used with a variety of plasmonic materials is the patterning of a thin metal film.  In this 
approach, a mask is created over a flat substrate and a thin (5-50nm) metal film is deposited 
through the mask either by sputtering or thermal deposition.  This approach has been used 
extensively in the fabrication of Au and Ag NPs and can, in most cases, be transferred to 
the fabrication of Al NPs.  The fabrication of a nanoscale mask is commonly achieved 
using electron beam lithography (EBL).4, 47-49  In EBL, an electron beam is used to draw 
patterns in a polymer mask and the desired plasmonic metal is deposited over the mask.  
Solvents are then used to dissolve out the mask and the plasmonic NPs are left behind on 
the substrate.  A wide variety of sizes and shapes can be fabricated using EBL, and thus 
the technique lends itself very well to the study of fundamental properties of metal 
nanostructures.  EBL suffers from two major limitations, minimum achievable feature size 
and cost.  EBL is limited to ~10 nm feature sizes, whereas a 5 nm feature size is desirable 
for most plasmonic antennas.40  Additionally, EBL is costly and time-consuming for 
fabricating structures over large substrate areas; consequently, it has limited applicability 
in a commercial setting.38, 39  Focused ion-beam (FIB) milling is very similar to EBL except 
patterns are drawn using a beam of focused ions instead of electrons.  Single nanometer 
feature sizes can be achieved using a helium FIB, however the cost is considerably higher 
than EBL.50 
 
1.2.3 Nanosphere lithography 
Alternative approaches for the cost-effective production of masks include laser 





common metal NP fabrication technique that was made popular by the Van Duyne group 
at Northwestern.52, 56-60  In this method, a close-packed monolayer of polystyrene 
nanospheres is deposited on a flat substrate and a plasmonic metal is deposited over the 
surface.  The metal fills in the gaps between the particles, and, upon removal of the 
templates, a uniform array of nanotriangles is left behind.  This method has been used with 
a variety of different metals including copper (Cu) and Al, and produced different aspect 
ratios for nanotriangles.56-58  While this method is a relatively cost-effective way to 
fabricate NPs, it is limited by the range of shapes that can be produced as well as the 
spacing and surface density of NPs. 
Several variations of NSL have been developed to overcome the limited range of 
shapes.  Moiré nanosphere lithography (MNL), hole-mask colloid lithography (HCL), and 
nanosphere template lithography (NTL) are variations of NSL that have greatly expanded 
upon the range of achievable structures.37, 53-55  MNL is the simplest variation of NSL and 
involves depositing two close-packed monolayers of polystyrene templates on top of each 
other.  An oxygen plasma is then used to shrink the templates and the metal is deposited 
on the surface.  The two monolayers’ orientation relative to each other determines the final 
NP shape (Figure 1.4A).  There is no way to control this orientation, consequently, what is 
left is a random distribution of shapes across the substrate.54 So far this technique has only 
been used for the fabrication of Au NPs, but it could easily be applied towards Al 
plasmonics.   
HCL has shown remarkable promise in regards to metal compatibility and shape 
tunability.37, 61, 62  Much like EBL, a polymer layer is deposited onto the substrate first, 





then applied over the surface (typically Au), and then the nanospheres are removed leaving 
a perforated metal film over the polymer.  Oxygen plasma is used to remove the polymer 
inside the holes, revealing the substrate.  The plasmonic metal is then deposited over this 
mask, and by varying the metal deposition angle, different shapes are produced.  The 
polymer film is dissolved away and what remains are the NPs adhered to the substrate.  
Significant control over the shape of particles is achieved and it is compatible with a range 
of metals including Mg, which is a challenging metal to work with.63  The only 
disadvantage to this method is the number of steps increases fabrication costs. 
Reducing the number of steps in the fabrication process helps to bring the overall 
cost down.  NTL is a three-step technique that has been used to make a disk, ring, and 
crescent nanostructures out of Au, Ag, and recently, Al.23, 53, 55, 64  Polystyrene nanospheres 
are dispersed onto a flat surface and metal is deposited normal to the surface or at an angle 
to produce ring or crescent structures, respectively (Figure 1.4C).  For nanodisks, the metal 
is deposited first followed by the polystyrene templates.  The metal film is then removed 
using an argon plasma while the metal underneath the polystyrene template remains on the 
surface, thus each polystyrene nanosphere acts as an individual template for the final 
plasmonic nanostructure.  This method has worked well for the fabrication of Ag and Au 
plasmonic nanostructures with resonances tuned from the visible through IR 
wavelengths.23, 65  
Until recently, NTL was not successful for the fabrication of Al plasmonic 
structures.  While Al can be etched using an argon plasma, it takes a significant amount of 
time to etch through the initial oxide layer.  Consequently, the polystyrene templates would 





NTL to utilize Al as a plasmonic material prevented this method from being utilized in the 
UV wavelengths. 
 
1.3 Dissertation Outline 
 The over-arching goal of this dissertation work is to fabricate and examine the 
fundamental optical properties of plasmonic NPs made from noble and non-noble metals.  
By using non-noble metals, we are able to study plasmonic properties of metal NPs at 
wavelengths from the UV through IR wavelength ranges.  These metal NPs are fabricated 
using cost-effective materials and techniques, making them appealing in fields beyond 
fundamental plasmonics. 
 
1.3.1 NTL of Al nanocrescents 
While NTL is a versatile and cost-effective method for the fabrication of Ag and 
Au NPs, it has been difficult to incorporate Al.  The native alumina layer that forms over 
the film is challenging to remove with an argon plasma without simultaneously degrading 
the templates.  Here we demonstrate how NTL can be used for the fabrication of Al 
nanocrescents (AlNCs) by incorporating a sacrificial copper layer.  The resulting NCs have 
LSPRs that can be tuned from the UV to the IR ranges/wavelengths by increasing the 
diameter of the polystyrene templates.  Additionally, we demonstrate that our fabrication 
method does not appreciably increase the oxide layer covering the particles. 
 
1.3.2 Al and Au nanocrescent arrays in SEIRA 
Simulations have shown the NC geometry leads to large field enhancements at the 
tips of the structures, meaning these structures have the potential to be useful in surface-





particles that are dispersed over a large substrate area.  Consequently the region of 
enhancement is small compared to the total surface area of the substrate.  By close-packing 
the polystyrene templates, the entire substrate surface can be covered in plasmonic NPs, 
thereby increasing the area that undergoes enhancement.  We demonstrate that this close-
packing significantly increases the number of particles available for sensing.  Additionally, 
we show Al NPs utility at long wavelengths by measuring SEIRA responses and comparing 
it to Au arrays with similar LSPR. 
 
1.3.3 Homo- and heterometallic dimer nanocrescents 
Previous work utilizing NTL was limited to the fabrication of three shapes; rings, 
disks, and crescents.  By incorporating a sacrificial copper mask, we have added an 
additional structure that may be fabricated using NTL.  The deposition of three metallic 
films as opposed to just two, we demonstrate the versatility of NTL to expand into more 
complicated geometries.  Through the creation of a circular mask with copper, plasmonic 
metals deposited at opposing angles result in the fabrication of dimer NCs (DNCs).  Due 
to Al’s ability to form a rapid, self-limiting oxide layer, these DNCs are separated by 
nanometer sized gaps.  Additionally this method can be used for the production of 
monometallic (Al-Al) or bimetallic (Al-Au) DNCs.  These more complicated geometries 
have NIR/IR active resonances and presumably high-field enhancements due to the 
presence of a nanoscale gap. 
 
1.3.4 Mg-Al alloy thin films for plasmonics 
 In addition to Al as a non-noble plasmonic metal, magnesium was studied for its 





films were designed to improve the plasmonic properties of pure Mg.  The effect of metal 
deposition rate on the structural and optical properties of Mg thin films was examined.  By 
alloying Mg thin films with Al, the LSPR figure of merit could be improved to a point that 
exceed pure Mg or Al alone.  These metals alloys were then patterned at the nanoscale 
using NSL and their LSPR properties were examined.  
 
1.3.5 Mg hole arrays 
Further studies of Mg’s plasmonic properties were conducted using a nanohole 
array.  The hole arrays were created by first depositing a close-packed monolayer of PS 
templates followed by oxygen plasma etching to create gaps in between the templates.  
Deposition of a thin Mg film over the PS templates and subsequent template removal leads 
to a periodic hole array.  Previous work highlighted the difficulty associated with 
structuring Mg at the nanoscale.  Consequently a different nanoscale geometry, one that 
resulted in fewer sharp features, was investigated.  These hole arrays maintained their 
nanometer scale features and exhibited tunable LSPR and surface plasmon resonance 








Figure 1.1 Cartoon representation of the electronic oscillation in a metal nanoparticle 
induced by an electromagnetic wave (Reprinted with permission from Kelly, K.L.; 
Coronado, E.; Zhao, L. L.; Schatz, G. C. J. Phys. Chem. B 2003, 107, 668-677, Figure 1. 
Copyright 2003 American Chemical Society). 
 
 
Figure 1.2 Optical response of different metals gives insight into their ability to support 
plasmon resonances. Real (a) and imaginary (b) components of the dielectric functions for 
Al, Au, and Ag (Reprinted with permission from Gerard, D.; Gray, S. K. J. Phys. D: Appl. 






Figure 1.3 Oxide thickness of a 20 nm Al film measured by angle resolved X-ray 
photoelectron spectroscopy (Reprinted with permission from Langhammer, C.; Schwind, 
M.; Kasemo, B.; Zoric, I. Nano Lett.2008, 8(5), 1461-1471, Figure 2A.  Copyright 2008 
Americal Chemical Society). 
 
 
Figure 1.4 Polystyrene nanospheres can be arranged in multiple configurations to yield 
different plasmonic structures. A) Schematic representation of Moire Nanosphere 
lithography (Reprinted with permission from Wu, Z.; Chen, K.; Menz, R.; Nagao, T.; 
Zheng, Y. Nanoscale, 2015, 7, 20391 Figure 1 Copyright 2015 Royal Society of 
Chemistry). B) Depiction of Hole-Mask Colloid lithography for the fabrication of split-
ring resonators (Reprinted with permission from Cataldo, S.; Zhao, J.; Neubrech, F.; Frank, 
B.; Zhang, C.; Braun, P. V.; Giessen, H ACS NanoI 2012, 6(1), 979 Figure 1 Copyright 
2012 American Chemical Society). C) Nanosphere template lithography for the fabrication 
of gold nanocrescents (Reprinted with permission from Shumaker-Parry, J.; Rochholz, H.; 
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Engineering plasmonic nanostructures for controlled light-matter interactions is 
essential for optimizing plasmonic systems for applications in enhanced spectroscopy, 
chemical and biological sensing, photovoltaics, photocatalysis, and subwavelength and 
nonlinear light guiding.1-8  Aluminum as a plasmonic material exhibits optical and material 
properties that are advantageous as compared to the more typically used gold, silver, and 
copper.9-21  Aluminum supports plasmon resonances on either side of its interband 





(UV) spectral region.22  While silver has a short wavelength interband transition relative to 
gold (310 nm and 500 nm, respectively), it is incapable of supporting a plasmon below this 
wavelength.22  Another practical drawback of silver is that it readily oxidizes, leading to a 
deterioration of plasmonic behavior over time.  Copper has an interband transition at 590 
nm and oxidizes even more rapidly than silver.23  While aluminum also undergoes rapid 
oxidation, the oxide formation is self-limiting at ~3 nm and acts as a passivating layer that 
protects and preserves the metal underneath.11  The natural abundance of aluminum also is 
attractive for applications that require large-scale plasmonic systems integration, such as 
in high surface area photovoltaic systems or as active coatings for plasmon-assisted 
photocatalysis for chemical transformations and degradation processes.  For aluminum to 
be adopted in commercial applications, fabrication techniques that enable large-scale 
production of aluminum nanostructures are required.  While there are many approaches to 
nanostructure gold and silver, the robust oxide layer inherent to aluminum often presents a 
challenge in applying these fabrication methods to aluminum.  
Both top-down and bottom-up strategies have been used to fabricate aluminum 
plasmonic antennas.24  One approach that combines these two strategies for antenna 
fabrication is nanosphere lithography (NSL).  This process uses close-packed polystyrene 
(PS) nanospheres on a surface to produce nanostructures of gold, silver, aluminum and 
other materials.  The advantages of NSL are largely the scalability, low-cost, and versatility 
in the size and shapes of particles that can be fabricated.25-27  Pioneering work by Van 
Duyne and co-workers have demonstrated the versatility of NSL by altering the metal 
deposition angle to prepare metal nanotriangles with different aspect ratios and as well as 





compatible with a variety of metals including silver, gold, copper, and aluminum, plasmon 
resonances can be tuned throughout the near-infrared (NIR), visible and UV spectral 
regions.9, 23, 30, 31  NSL has been successful at producing aluminum nanotriangle arrays over 
large substrate areas.9  However NSL can only produce a limited number of shapes at a 
fixed filling fraction.31   
Nanosphere template lithography (NTL) is a modification of NSL that offers 
significant control over the size, shape, and surface density of particles. NTL also uses 
nanometer sized PS beads, but in NTL each bead serves as a template for an individual 
nanostructure.32, 33  For NTL, the PS beads can be deposited in either a close-packed 
monolayer or as a dispersed submonolayer over virtually any flat surface.  This fabrication 
method has been used to produce plasmonic ring, disk, and crescent shaped structures of 
gold and silver over large substrate areas with nanometer resolution.32-34  These particles 
act as plasmonic nanoantennas, concentrating and amplifying the electric field component 
of the incident plane wave in the near field of the nanostructure.  One of the challenges of 
NTL is the reliance on a directional etch step which can be challenging for metals that form 
a passivating oxide layer such as aluminum.  This etching step is especially important to 
fabricate more complex structures such as nanocrescents in order to achieve control of the 
localized surface plasmon resonance (LSPR) response for specific applications.34-36  Here 
we demonstrate fabrication of aluminum plasmonic antennas by incorporating a sacrificial 
copper mask in a simple, scalable templating process that enables control of nanostructure 
shape.  The aluminum nanocrescent antennas exhibit multimodal plasmon resonances that 






2. 2 Materials and Methods 
Copper (99.999%) and aluminum (99.999%), were purchased from K. J. Lesker 
(Philadelphia, PA).  Polystyrene microspheres were purchased from Polysciences, Inc. 
(Warrington, PA).  Fused quartz microscopes slides were purchased from Technical Glass 
Products (Painesville Twp, OH).  All water used for substrate preparation was purified to 
18 MΩ with a Barnstead NANOpure diamond system. 
Fused quartz microscope slides were used as substrates and were cleaned by 
immersion in piranha acid (3:1 volume ratio of H2SO4: 30% H2O2) for 45 min.  Slides were 
rinsed three times with nanopure water then sonicated for 60 min in 5:1:1 volume ratio 
H2O: NH4OH: 30% H2O2 at 60 ºC.  Slides were rinsed three times with nanopure water 
and stored for up to one week in nanopure water or rinsed with absolute ethanol, dried with 
nitrogen, and used immediately.  (Caution: Piranha solution is a strong oxidizing agent, 
which has been known to detonate spontaneously upon contact with organic material, and 
should be handled with extreme care.) 
AlNCs were fabricated on clean fused quartz slides using copper mask nanosphere 
template lithography (NTL).  Polystyrene microspheres were diluted to 0.05% (82±6.0 and 
120±6.9 nm templates) or 0.15% (450±8 nm templates) by volume in absolute ethanol and 
spin coated onto dried fused quartz slides.  For the 450 nm PS templates, a 50 nm film of 
copper metal was deposited at a rate of 1.0 Ǻ/s onto the fused quartz substrates using an 
electron-beam evaporator (Denton SJ20C, Denton Vacuum USA, Moorestown, NJ).  
Recent publications have outlined the benefits of depositing at higher rates, however, 
strong LSPR resonances are still observed for Al films deposited at slower rates that enable 





the smaller 82 nm templates.  Copper films were deposited normal (450 nm PS) to the 
surface and at 40˚ (82 and 120 nm PS) relative to surface normal.  The substrates were then 
rotated 180˚ and placed on sample mounts tilted 40˚ relative to surface normal and a 25 nm 
aluminum film was deposited at a rate of 1.0 Ǻ/s.  Film thickness and deposition rate were 
monitored using a quartz crystal microbalance (XPC2, Inficon, East Syracuse, NY).  The 
copper film was removed by quickly dipping substrates in concentrated nitric acid for 1-
10 s.  The aluminum film that was deposited on top of the copper was subsequently 
removed by sonicating the substrates in nanopure water for 5-10 min.  If any aluminum 
film remained after sonication it was removed using tape.  
AlNCs were imaged using scanning electron microscopy (FEI Nova Nano 630) in 
immersion mode with a Helix detector.  Optical extinction measurements were collected 
from 200-2500 nm using a Perkin-Elmer 750 UV/Vis/Near-IR spectrophotometer with a 
beam probe size of 2 cm x 0.5 cm.  Polarized extinction spectra were limited to wavelengths 
above 300 nm due to the limited transmission of the polarizer.  Collection of polarized 
spectra are detailed elsewhere.36 
HAADF, SE, and EDS images were collected using a JEOL-2800 S/TEM equipped 
with ultrafast EDS and the following settings: 1.0 nm probe size, a camera length 
corresponding to a detector semiangle of 62.1 mrad, and a Schottky-Type hot field 
emission gun (FEG) source operating at an accelerating voltage of 200 kV.  The dual 100 
mm2 EDS detectors have a combined solid angle collection efficiency was 1.9 sr.  The 
spectral regions used for mapping and quantitation were 1409-1563 and 466-584 eV for 
the Al and O K-lines, respectively.  EDS maps shown as net counts were processed using 





correction in the Thermo Scientific NORAN spectral suite (NSS 3.2).  For TEM analysis 
AlNCs were fabricated on ultrathin carbon film on lacey carbon support film 300 mesh 
gold grids (Ted Pella).  These AlNCs were fabricated using 505 nm PS templates with a 
200 nm Cu layer and a 100 nm Al layer deposited at 10 Å/s.  A faster deposition rate was 
used with the expectation of producing lower levels of oxidation in the bulk film, limiting 
oxidation to the outer layer.37  The thicker Al layer allowed for better contrast between the 
Al and O in EDS mapping.  
The simulations were performed using FDTD Solutions version 8.9.150 from 
Lumerical Solutions, Inc.  The simulations were carried out on a Windows XP, 64 bit 
system equipped with an Intel Xeon E5520 CPU 2.26GHz, and 12 GB of RAM.  The index 
of refraction used for aluminum and glass were fitted material properties to Palik values 
over the wavelength range of interest (300nm-2500nm).38  A mesh resolution of 1nm was 
used in each direction of a three dimensional simulation setup.39 
 
2.3 Results and Discussion 
Aluminum nanocrescents (AlNCs) were fabricated over large areas by 
incorporation of a sacrificial copper layer in the NTL process.  In contrast to the use of 
NSL for aluminum nanotriangles, each PS nanosphere acts as a template for a single 
plasmonic nanostructure in NTL.  The fabrication of AlNCs is outlined in Figure 2.1A. 
First, PS nanospheres are deposited on a clean fused quartz substrate (Figure 2.1A I).  Next, 
a sacrificial copper film deposited at an angle results in an elliptical shadow where the 
substrate is exposed (Figure 2.1A II).  The deposition of aluminum from the opposing angle 
fills in the shadow left by the copper (Figure 2.1A III).  The PS template defines the inner 





sacrificial layer is removed by submersing the substrate in concentrated nitric acid which 
quickly dissolves the copper film but leaves the aluminum intact (Figure 2.1A IV).  The 
bulk aluminum film is removed by sonication in water, while the aluminum that is in direct 
contact with the substrate remains attached (Figure 2.1A V).  By using a sacrificial copper 
layer, the bulk aluminum film can be removed without the use of argon ion milling, which 
damages the templates while the oxide film is removed.  This preserves the PS templates 
throughout the process resulting in well-defined, crescent-shaped structures (Figure 2.1B).   
Using the copper mask NTL process, AlNCs with polarization-dependent plasmon 
responses were reproducibly fabricated over the entire substrate area.  Figure 2.1B shows 
a scanning electron microscopy (SEM) image of AlNCs fabricated using 450 nm PS 
templates.  In order to minimize aggregation of the templates, a relatively low surface 
coverage has been used for the proof of principle demonstration of this modified version 
of NTL for preparing Al nanostructures.  Ultimately, surface coverage of the AlNCs is 
controlled through the concentration of the PS nanosphere solution, and several 
publications have demonstrated methods to increase the density of PS nanospheres on a 
surface.11, 32, 40  The template size determines the tip to tip distance of the resulting AlNC 
and the outer and inner diameters are controlled by the angles of Cu and Al deposition, 
respectively.  While the SEM image depicts a relatively small area, the resulting particles 
have uniform size and orientation over the entire substrate (6.45 cm2).  The uniform 
orientation of the particles is evident by the polarization dependence of the LSPR response 
measured using UV/Vis spectroscopy (Figure 2.1C).  The probe beam spot size is 1 cm2 
and even with such a large probe area the polarization-dependent plasmonic response of 





short axis of the nanocrescent (Figure 2.1C top) there is a coherent oscillation of electrons 
from the tips to the backbone.36  By polarizing light along this axis, a dipole resonance is 
observed at 1200 nm.  Rotating the incident light polarization 90˚ aligns the electric field 
with the long axis of the nanocrescent (Figure 2.1C bottom).  This induces electrons to 
oscillate between the tips resulting in a dipole resonance at 2100 nm.  Due to the limited 
symmetry and uniform orientation of the particles, it is possible to selectively excite 
multiple plasmon modes from an ensemble of similarly sized particles.  Finite difference 
time domain (FDTD) simulations predict the polarization-dependent response of an 
individual AlNC.  Based on previous theoretical work, the impact on the far field LSPR 
response is expected to be minimal.  Besides a small modification of the wavelength 
position of the resonance due to the change in the local dielectric environments, so the 
oxide layer was not included in the model.38  The short and long axis dipole resonances are 
in close agreement to the experimental spectra, with the long axis dipole in the simulation 
having a slight blue shift from the optical response of the fabricated structures.  The 
simulations show the interband transition having a larger contribution than what is 
observed experimentally.  Higher order modes for both long and short axis excitations are 
seen around 500 nm and are attributed to quadrupole resonances.  The short axis 
quadrupole resonance is slightly blue-shifted from what the simulations predict while the 
long axis quadrupole overlaps very well with the response predicted by simulations.  
Further tuning of the LSPR wavelength is achieved by changing the diameter of 
the PS templates.35  Due to the dielectric properties of aluminum, the nanostructures are 
capable of supporting plasmon resonances on either side of the material’s 800 nm 





PS templates which result in AlNCs of similar size.  Figure 2.2 presents the spectral 
response and SEM images of these small AlNCs.  The short axis dipole resonance is 
situated at 375 nm (Figure 2.2A) while the long axis dipole resonance lies in the visible 
region at 500 nm (Figure 2.2B).  The experimental spectra exhibit broadened LSPR peaks 
as compared to their simulated counterparts.  This broadening is expected to be in part a 
result of a distribution of AlNC diameters that stems from variations in the template size. 
In addition, the model used for the simulations cannot capture all of the details of the 
complex nanocrescent features, so the structural properties such as grain boundaries or 
specific local features can also contribute to a more broadened response compared to that 
predicted from the model.  
Previously published computational simulations of AlNCs predict higher order 
plasmon modes located farther into the UV region.39  However, due to the limited 
transmission of the polarizer between 200-300 nm, those modes are not observed in these 
experiments.  SEM images of the nanostructures show that the general crescent shape is 
preserved at this small template size (Figure 2.2C).  While the tips of the structures appear 
dulled in comparison to the nanocrescents from 450nm templates, the radius of curvature 
is ~5 nm for both sizes.  Again, FDTD simulations are in general agreement with both of 
the experimentally observed short and long axis dipole resonances.  As the experimental 
setup was limited to wavelengths above 300 nm, simulations were not performed at the 
shorter UV wavelengths either.  Previous simulations based on small model nanocrescent 
structures predicted plasmon resonances in the lower UV spectral region.39 
The copper mask NTL is also useful for the fabrication of a range of different sized 





demonstrated.  Figure 2.3 presents a comparison of aluminum and gold nanocrescents 
(AuNCs) fabricated using sacrificial layer NTL.  Short axis dipole (Figure 2.3A) and long 
axis dipole (Figure 2.3B) plasmon resonances for AlNCs are blue-shifted compared to 
AuNCs of similar diameter and aspect ratio.  While these plots show a linear dependence 
of the LSPR wavelength on the particle diameter, Au particles are not able to support a 
plasmon below the interband transition around 500 nm.  However, Al can support a UV 
plasmon resonance and can do so with relatively large template diameters. 
The near-field enhancement maps of UV/Vis resonant AlNCs were modeled using 
Lumerical (Figure 2.4).  Figure 2.4B shows the experimental and simulated UV/Vis spectra 
of AlNCs under excitation with polarization along the AlNC short axis.  A near-field 
intensity map for 432 nm light polarized along the short axis of a 120 nm template AlNC 
is shown in Figure 2.4D.  Regions of electromagnetic field enhancements are localized at 
the tips and along the backbone, consistent with electrons oscillating from the tips to the 
backbone when light is polarized along the short axis.  Simulations and experimental data 
for light polarized along the long axis of the AlNCs are shown in Figure 2.4C.  A dipole 
mode resonance is observed at 650 nm and a higher order quadrupole resonance mode is 
present at 325 nm.  Figure 2.4E shows the near-field intensity map for 653 nm light 
polarized along the long axis.  In contrast to the short axis dipole resonance, this long axis 
dipole shows enhancement primarily along the outside of the tips.  This is consistent with 
electrons oscillating between the tips of the AlNCs.  The field intensity map for a 120 nm 
AlNC interrogated with 325 nm light polarized along the long axis is shown in Figure 2.4F.  
This long axis quadrupole mode also exhibits electric field enhancement at the tips of the 





much more rapidly than the two dipole modes.  For all excitation geometries, large field 
enhancements are predicted at the tips of the structures which is consistent with previous 
simulations.36, 39  
The oxide thickness was characterized using transmission electron microscopy 
(TEM) and energy-dispersive X-ray spectroscopy (EDS).  Previous work characterizing 
the oxide layer thickness has involved only bulk type measurements using X-ray 
photoelectron spectroscopy (XPS) on thin films of aluminum.11  Indirect methods, such as 
modelling the LSPR shift with increasing oxide thickness or doping the Al film with 
oxygen, have also been used to characterize the oxide thickness.10  The combination of 
high-resolution imaging and spatially-resolved chemical mapping provides a direct 
measurement the oxide layer formed on individual AlNCs. 
AlNCs were fabricated on gold TEM grids and imaged with high-resolution 
scanning TEM (S/TEM) and EDS (Figure 2.5).  By imaging backscattered secondary 
electrons (Figure 2.5A), much greater detail is achieved than conventional SEM imaging.41  
At this resolution, the roughened surface of the AlNCs due to heterogeneous film growth 
is clearly visible.  Additionally, this resolution confirms the 5 nm tip radius of curvature 
from the SEM images.  This measurement is taken as an average of several structures, 
while the HAADF image in Figure 2.5 B shows a smaller radius of curvature, on average 
the tip radius comes out to around 5 nm.  While these images have excellent surface detail, 
they also reveal the complications in analyzing the oxide layer present on the AlNCs.   
High angle annular dark-field (HAADF) S/TEM images (Figure 2.5B) are uniquely 
dependent on atomic z-contrast, easily distinguishing between Al and Al2O3.  The reduced 





thinner profile in the HAADF image when compared to either the SE image or the Al EDS 
map.  Because z-contrast images are entirely dependent on relative scattering efficiencies 
in regions of constant thickness, the core close-packed Al atoms inside the alumina 
overlayer are best seen as the brighter regions in the HAADF image.  The relative scattering 
efficiencies of Al to Al2O3 differ by a factor of ~1.6 meaning the Al2O3 region is only two-
thirds the brightness of the Al region.  This observation is important for properly 
understanding the plasmonic structure of these AlNCs because only the core metallic 
aluminum structure is capable of supporting surface plasmons that give rise to optical near 
field enhancements and the unavoidable oxide layer merely serves to potentially attenuate 
or at least modulate these fields.39  
EDS mapping of characteristic K-line X-ray transitions of Al (Figure 2.5C) and O 
(Figure 2.5D) were used as a means of directly measuring the oxide layer thickness.  Al is 
observed across the entire structure with higher concentrations in the thicker backbone.  
This is expected given the sloped shape of the structures observed in the SE-S/TEM 
images.  The concentration gradient of O (Figure 2.5D) yields substantial information on 
the spatial distribution of the oxide layer.  The overall concentration of O is much lower 
than Al in the bulk of the AlNC, which is composed primarily of packed Al metal.  In 
contrast, the EDS map of O appears much more heterogeneous than that of Al.  This is 
because O is mostly confined to the final exposed surface of rapidly deposited Al 
structures.  The increased surface roughness seen in Figure 2.5A leads to a greater exposed 
surface area and therefore a much more surface structure dependent O map.  Where there 
are grains or inhomogeneity on the surface, the concentration of O increases due to the 





is a distinct oxygen signature around the entire particle.  This outside border is used to 
directly measure the thickness of the oxide layer of the particle.  This region of the 
nanoparticle is more likely to have a sharp, vertical edge that extends up in the z-direction 
making for a more accurate oxide thickness measurement. 
In order to better estimate the thickness of the oxide layer in the EDS maps, the 
intensity of the aluminum and oxygen peaks through a slice of the crescent are plotted 
(Figure 2.5E) as indicated by the arrows in Figures 2.5A-D.  For an accurate measure of 
the oxide layer, attention was given to the outside edge of the AlNC backbone where there 
is a vertical edge.  A sloping edge is avoided as that would broaden the resulting oxide 
measurement.  This region is enlarged in Figure 2.5E, and a distinct region around 65 nm 
where there is a spike in the O content is clearly visible.  As a guide to the eye, this region 
is highlighted by two black lines, which correspond to the start of the oxide layer and the 
location of maximum intensity.  The distance between these two lines is 3 nm, which is in 
agreement with previous measurements of the oxide thickness of aluminum.11  
Furthermore, we expect the true oxide thickness to be slightly less than 3 nm because these 
data are a convolution of the chosen S/TEM probe of 1.0 nm and the true spatial distribution 
of the concentration of O along the chosen path.  This analysis also confirms that the nitric 
acid treatment used in this modified copper mask NTL process did not produce a thicker 
than expected oxide layer 
 
2.4 Conclusions 
In conclusion, a modified version of NTL enables the fabrication of AlNC antennas 
with highly tunable LSPR responses.  This fabrication method eliminates the need for 





AlNCs exhibit multimodal, polarization-dependent plasmon resonances in the UV, visible, 
and near-infrared regions of the spectrum.  Current research is focused on probing the 
utility of these crescent-shaped particles at long and short wavelengths.  At short 
wavelengths, the AlNCs may have applications in plasmon-enhanced fluorescence 
spectroscopy and resonance Raman scattering spectroscopy.  At longer wavelengths, these 
particles are expected to be applicable in refractive index sensing and surface-enhanced 
infrared absorption spectroscopy.  Simple variations of the copper mask NTL method, such 
as removing the PS templates before aluminum deposition, can be used to produce 
structures with a variety of shapes composed of different metals.  Direct determination of 
the oxide overlayer is essential to understanding the spatial relationship of the optical near-
field and molecules of interest in sensing platforms.  Future work using electron energy 
loss spectroscopy (EELS) and aberration-corrected S/TEM should allow for complete 
deconvolution of instrumental errors in mapping and lead to a subangstrom determination 












Figure 2.1 Overview of copper mask NTL and characterization of fabricated Al 
nanocrescents based on electron microscopy and optical response analyses. A) Cartoon 
showing the fabrication of aluminum plasmonic antennas using NTL and a sacrificial Cu 
mask. I-PS beads are deposited on a fused quartz substrate via spin coating, II-angled 
deposition of a Cu sacrificial layer (30-50 nm), III-angled deposition of Al from opposing 
direction (25 nm), IV-removal of Cu mask with concentrated nitric acid, V-PS templates 
and Al film removed by sonicating substrates in water. B) SEM image of 450 nm AlNCs 
on fused quartz. C) UV/Vis/NIR extinction spectra of 450 nm AlNCs (solid) and FDTD 
simulated spectra (dotted) with arrows denoting the polarization of the incident electric 
















Figure 2.2 Using the modified NTL process, employing smaller PS templates produces 
smaller AlNCs which exhibit an LSPR response in the UV. Theoretical (dotted) and 
experimental (solid) UV/Vis spectra of 82 nm AlNCs with the incident electric field 
polarized along the short axis (A) exhibit a dipole resonance in the UV. B) Light polarized 
along the long axis results in a dipole resonance in the visible region. C) SEM image of 82 

















Figure 2.3 LSPR response of metal nanoparticles is dependent on particle size. 
Comparison of the short axis dipole (A) and long axis dipole (B) plasmon resonance modes 
of gold and aluminum nanocrescents fabricated using copper mask NTL. A linear 
regression trend line has been added for each metal. SEM inset in both panels is of a gold 
















Figure 2.4 Theoretical models of AlNCs are based off of fabricated structures. A) SEM 
image of 120 nm diameter AlNCs fabricated using copper mask template lithography. 
Simulated (dotted) and experimental (solid) extinction spectra of 120 nm AlNCs with the 
incident electric field polarized along the short axis (B) and long axis (C). A dipole 
resonance is observed at 450 nm for short-axis excitation and both dipole (650 nm) and 
quadrupole (325 nm) resonances are observed for long-axis excitation. FDTD simulations 
of the electric near-field enhancement were performed at the resonance wavelength for the 
short axis dipole (D), long axis dipole (E), and long axis quadrupole (F). The white arrows 
denote the polarization of the incident electric field and the color scale represents the log 










Figure 2.5 S/TEM analysis of AlNCs reveals greater topological and compositional 
information. A) Secondary electron S/TEM image of 100 nm thick, 500 nm diameter 
AlNCs. B) HAADF S/TEM shows differences in z-contrast, consequently the high density 
of Al appears bright. EDS mapping of the AlNCs shows the distribution of Al (C) and O 
(D) with color intensity corresponding to the EDS counts. E) Intensity of Al and O K peaks 
along the line indicated by the white (A/B) and black (C) arrows. F)  Enhanced view of the 
outside backbone of the AlNC shows how the concentration of O changes at a vertical edge 
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ARRAYED ALUMINUM PLASMONIC ANTENNAS FOR  
SURFACE-ENHANCED INFRARED ABSORPTION 
 
3.1 Introduction
Aluminum as a plasmonic material has garnered significant attention in the past 
several years due to its ability to support plasmons in the ultraviolet (UV) region.1, 2  While 
traditional plasmonic metals, such as Ag and Au are excellent for visible and near-infrared 
plasmonics, the interband transitions for these materials occur at lower wavelengths, 
preventing them from supporting plasmons in the UV.3  Alternatively, Al is capable of 
supporting plasmons from the UV all the way to IR wavelengths (with the exception of 
800 nm where it has an interband transition).4  While most groups have used Al for low 
wavelength applications, some have started seeing the utility of Al as an attractive metal 
for IR plasmonics.5 
In addition to its optical properties, Al has a few chemical and economical 
properties that make it favorable as a plasmonic material.  Au is typically the favored 
plasmonic metal due to its low loss over the IR wavelength range and the fact that it is 
inert, but still easily functionalized using thiol chemistry.  While Ag can also be 
functionalized using thiol chemistry, it is susceptible to oxidation over time, thus 
quenching its plasmonic properties.  Alternatively, the oxide that forms over the surface of 





significantly cheaper than Ag or Au and is complementary metal oxide semiconductor 
(CMOS) compatible; hence incorporating Al into many commercial applications would be 
a more cost-effective material.  There is active interest in the surface-enhanced Raman 
spectroscopy (SERS) capabilities of Al particles, especially at low wavelengths.8-11  
However, comparatively little work has been done using Al with surface-enhanced infrared 
absorption spectroscopy (SEIRA), despite having optical properties that are comparable to 
Au at long wavelengths.5 
Initial research of SEIRA involved studying the enhancing effects of metal island 
films of Au and Ag.12-16  More recent work with SEIRA has involved the design of specific 
nanostructures that yield greater field enhancements when compared to these films.17-20 
Designer nanoparticle systems focus on the production of either sharp tips or small, 
nanoparticle size gaps that lead to large field enhancements.5, 15, 16, 18, 19, 21-23  Although Al 
has been recently used at long wavelengths for SEIRA, these nanoparticles were fabricated 
using electron beam lithography (EBL) which is not a scalable fabrication technique.5  
Here, we demonstrate a way to make a high concentration of aluminum nanoparticle 
antennas with polarization-dependent resonances that can be used at long wavelengths for 
SEIRA. 
 
3.2 Materials and Methods 
3.2.1 Materials and instrumentation 
Copper (99.999%), aluminum (99.999%), and gold (99.999%) pellets were 
purchased from Kurt J. Lesker.  Aldehyde functionalized polystyrene beads and 
tetrahydrofuran (THF) were purchased from ThermoFisher.  Ethanol (200 proof) was 





(ODPA) were purchased from Sigma-Aldrich.  All water used was purified to 18 MΩ using 
a Barnstead NANOpure diamond system.  UV/Vis/NIR measurements were collected 
using a Perkin Elmer Lambda 750.  FT-IR spectra were acquired using a Spectrum 100. 
For FT-IR, 100 scans were averaged together using a 4 cm-1 J-stop aperture.  SEM images 
were acquired using a FEI NovaNano 630 in immersion mode with a Helix detector. 
 
3.2.2 Substrate preparation 
Glass microscope slides were cleaned for 45 min in piranha acid (3:1 volume ratio 
H2SO4: H2O2) and rinsed three times with water.  Slides were then cleaned for one hour in 
a 5:1:1 volume ratio H2O: NH4OH: H2O2 solution at 60˚C.  Cleaned microscope slides 
were then rinsed with water three times and stored under water until use.  CaF2 slides 
(Optocity) were rinsed three times with isopropanol and dried under a stream of nitrogen, 
then cleaned for 5 min in a UV/Ozone chamber (Jelight Co.) and used immediately.  
 
3.2.3 Polystyrene deposition 
Disperse nanoparticles were fabricated by spin coating a solution of 0.5% (by 
volume in ethanol) onto clean substrates that were dried under N2.  Arrays of nanoparticles 
were made by first depositing a hexagonally close-packed monolayer of polystyrene beads 
onto the substrate.  This was accomplished by previously published methods but will be 
described briefly here to account for slight deviations.24  Clean substrates were placed in a 
petri dish angled at 5° and covered with water.  A 50:50 volume mixture of stock aldehyde 
functionalized polystyrene microspheres and 200 proof ethanol were introduced to the petri 
dish using a syringe pump placed on a clean glass slide that was angled into the water 





stopped once a close-packed monolayer had formed, as determined by visual inspection.  
The water was then slowly pumped out of the petri dish using a peristaltic pump.  As the 
water receded the close-packed monolayer was transferred onto the substrate. 
 
3.2.4 Particle fabrication 
Aluminum and gold nanoparticles were fabricated using copper mask nanosphere 
template lithography (Figure 3.1).7  The use of close-packed polystyrene beads required 
the use of an oxygen plasma to create gaps between templates, allowing for metal to be 
deposited on the substrate and conform to the template shape.  For crescent particles, a 50-
nm copper film was deposited at a 20˚ relative to surface normal, forming a copper hole 
array.  The plasmonic metal was then deposited on the opposite side of the templates, filling 
in the crescent shape shadows in the mask layer.  Disks were fabricated by depositing the 
copper film normal to the surface, the polystyrene beads were removed using tape and the 
slides were cleaned using an oxygen plasma.  The plasmonic metal was then deposited in 
the copper hole array.  The sacrificial layer was removed using nitric acid and the film from 
the plasmonic metal was removed using sonication in water and tape.  Aluminum was 
deposited to a thickness of 25 nm at a rate of at least 10 Ǻ/s in a Denton SJ20C electron 
beam evaporator.25  For gold nanostructures, a 2-nm Cr adhesion layer was deposited first 
followed by a 25-nm film of Au at a rate of 1-2 Ǻ/s. 
 
3.2.5 SAM functionalization 
Gold and aluminum structures were coated with a self-assembled monolayer for 
SEIRA studies.  Au nanoparticles were cleaned for 5 min in a UV/Ozone chamber and then 





were cleaned for 1 min in a Harrick plasma chamber (PDC-32G) and immediately placed 
immersed in a 2 mM solution of octadecylphosphonic acid (ODPA) in tetrahydrofuran for 
14 h.  Samples were carefully rinsed in either ethanol or THF, dried under nitrogen, and 
FT-IR measurements collected immediately after. 
 
3.3 Results and Discussion 
3.3.1 AlNC array fabrication 
Aluminum plasmonic nanocrescent arrays were fabricated using nanosphere 
template lithography and a sacrificial copper layer.7  Previous work demonstrated 
fabrication of aluminum antennas with polarization-dependent dipole and quadrupole 
resonances that were tuned from the UV through NIR wavelengths by changing template 
size.  Using a sacrificial copper mask layer eliminated the need for an argon plasma etch 
step and the associated secondary sputtering.26  Figure 3.1 shows the fabrication process 
and resulting AlNCs arrays and their optical properties.  A close-packed monolayer of PS 
templates was deposited onto flat substrates using a monolayer transfer process (Figure 
3.1A I).24  The PS templates are reduced in size using an oxygen plasma (Figure 3.1A II).  
The plasma etch time must be long enough to create sufficient gaps between PS templates, 
as insufficient etch times results in the PS template forming shadow in the backbone of the 
adjacent particle.  Conversely, etching the PS templates too long destroys the template 
integrity, leading to poorly defined nanostructures.  PS templates that are reduced to 50-
80% of their original size yield work well for the fabrication of NC particles.  A sacrificial 
copper layer is deposited normal to the surface (Figure 3.1A III), followed by an angled 
deposition of the plasmonic metal (Figure 3.1A IV).  The copper template is removed by 





removal of the plasmonic metal film results in NC on the desired substrate (Figure 3.1A 
VI).  The resulting NCs are highly concentrated and uniformly oriented on the substrate 
(Figure 3.1B).   The optical response of these particles is dependent on the size, metal, and 
dielectric environment.  The unpolarized UV/Vis/NIR spectrum of AlNCs with tip to tip 
diameters of 475 nm is shown in Figure 3.1C.  Extinction measurements are a result of 
light that is both absorbed and scattered by the particles.  These AlNCs have polarization-
dependent short and long axis dipole resonances at 1365 nm and 2130 nm, respectively.  
Additionally, these particles exhibit a resonance at 480 nm that is attributed to the long axis 
quadrupole mode.  
 
3.3.2 Optical effects of close-packed AlNCs 
The fabrication of an array of AlNCs significantly increases the optical signal as 
compared to dispersed structures (Figure 3.2).  Disperse AlNCs are fabricated by spin 
coating a PS template solution onto a substrate, resulting in a low-density of particles on 
the surface.7  Depositing the PS templates in a hexagonally close-packed array maximizes 
the surface density of the AlNCs.  To accurately compare the effect that AlNC density has 
on the optical properties, disperse and array AlNCs were prepared using 500 nm PS 
templates and etched simultaneously.  The resulting AlNCs had a tip-to-tip diameter of 350 
(±11) nm for arrays and 370 (±9) nm for dispersed; both sets had backbone thicknesses of 
100 nm (Figure 3.2A/B).  The total extinction of these two sets of particles is as expected: 
by increasing the density of particles on the surface, a considerable increase in the total 
extinction is observed (Figure 3.2C).  Here the total extinction increases from ~0.02 for 
disperse particles to 0.2 for an array.  These values can be used to estimate the difference 





the enhancement of NCs is localized to a small volume around the tips, a large number of 
particles would aid in improving the ability to observe spectroscopic enhancement by using 
an ensemble measurement. 
The fabrication of an array drastically reduces the separation distance between 
AlNCs possibly introducing dipolar coupling to the system.  When two plasmonic 
structures are separated by 20 nm or less, the near field enhancement is greatly increased.27, 
28  This coupling is observed in far-field measurements as a red-shift of the LSPR and an 
increase in extinction.27, 29-31  At separations larger than 20 nm, dipolar coupling is still 
present, and has a large effect on the refractive index sensitivity.32, 33  This long-range 
dipole coupling is observed as a either a red or blue shift of the main LSPR peaks depending 
on separation distance and particle size.33 
AlNCs do not exhibit a LSPR shift when the separation distance is reduced.  The 
polarized extinction spectra of arrayed and dispersed AlNCs of approximately similar size 
were normalized and compared (Figure 3.2D).  The short axis and long axis dipoles of the 
array and disperse AlNCs are nearly identical (Figure 3.2D).  In addition to the lack of 
observed shift in the LSPR dipole resonance, as the AlNC separation is decreased, there is 
no broadening/narrowing of the peak linewidth.  Previous work has shown that as the 
spacing between nanoparticles decreases, a broadening of the LSPR peak is observed.32   
The lack of a concerted shift in the LSPR to either longer or shorter wavelengths may be 
explained by the variability in the spacing of the AlNCs.  When the PS templates are 
arranged in a close-packed array, there is not a single orientation over the entire substrate 
surface.  Due to variations in the PS template size breaks occur in the packing order of the 





orientations of the AlNCs relative to one another.  This leads to a large variation in the 
separation between AlNCs, and since the optical spectra are ensemble-based 
measurements, all of these variations are averaged out.  Additionally, tuning of the 
separation distance by longer etch times is accompanied by a change in the diameter of the 
AlNCs.  Consequently, this fabrication technique is not well suited to study the effect that 
nanoparticle spacing has on dipole coupling.  Regardless, this fabrication technique does 
result in a high surface density of AlNCs with resonances that can be tuned over a wide 
range of wavelengths. 
 
3.3.3 UV resonant AlNCs 
AlNCs with average diameters of 140 nm resulted in resonances in the UV and 
visible wavelength range (Figure 3.3).  This size is convenient as Rodriguez et. al simulated 
140 nm diameter in their previous work, and the experimental spectra from these samples 
is consistent with their results.34  The unpolarized spectrum of 140 nm AlNCs shows 5 
peaks at 230 nm, 260nm, 460 nm, 690 nm, and 900nm (Figure 3.3B).  The two peaks at 
690 and 900 nm are both from the long axis dipole resonance, but this resonance is split by 
the interband transition of Al.  Since Al will not support a plasmon at 800 nm, the extinction 
is reduced at this wavelength.  The shoulder at 490 nm corresponds to a short axis dipole, 
and the two resonances at 230 nm and 260 nm are a result of higher order resonances.  
Polarized extinction spectra for the 140 nm diameter AlNCs are shown in Figure 3.3C/E 
and compared to previously published simulations (Figure 3.3 D/F).  The short axis dipole 
at 490 nm is blue-shifted and broader compared to the simulated spectrum (Figure 3.3D/E).  
Broadening is most likely due to large variations in the backbone diameter and thickness 





The higher order modes at 230nm and 260 nm are present in both experimental and 
simulated spectra of the 140 nm AlNCs, although their relative intensities are substantially 
different.  In the experimental results, these higher order modes have a much larger 
intensity in relation to the short axis dipole than what is predicted by the simulations, 
indicating that these higher order modes may be stronger than initially predicted.  As for 
the long axis excitation, the simulations predict a quadrupole mode at 400 nm that is not 
observed in our experimental sample (Figure 3.3E/F).  However, the higher order modes 
at 230nm and 260 nm are present in the experimental samples.  In the simulations, the 
intensity of the resonance at 230 nm is larger than the 260 nm resonance, however, that is 
not the case in the experimental samples.  Despite these discrepancies, the predicted 
response of 140 nm AlNCs aligns moderately well, considering the experimental samples 
have a much larger amount of heterogeneity in terms of size and shape than what can be 
accounted for in the simulations.  This theoretical work shows that higher order resonant 
modes may be useful for surface-enhanced fluorescence and Raman spectroscopies.  In this 
work, we are interested in seeing if AlNCs would be efficient for surface-enhanced 
absorption spectroscopies, as Al has not been used extensively for this application. 
 
3.3.4 IR resonant AlNC 
In order to study the SEIRA properties of AlNCs, arrays were fabricated with LSPR 
in the IR.  Figure 3.4 shows the combined UV/Vis/NIR (200-2500 nm) and FT-IR (2500-
6500 nm) spectra for large (>550 nm) AlNCs on calcium fluoride substrates.  Unlike small 
AlNC fabricated with UV resonances, these particles are much more uniform as the large 
PS templates shrink more consistently (Figure 3.4B).  Long axis dipoles were tuned to 2200 





nm, and 1240 nm, respectively.  Short axis dipoles for these AlNCs reside in the NIR 
wavelength range with resonances at 1310 nm, 1430 nm, 2150 nm, and 2250 nm for AlNCs 
with diameters of 580 nm, 670 nm, 1140 nm, and 1240 nm, respectively.  In addition to 
strong dipole resonances in the NIR/IR wavelength range, these AlNCs have higher order 
resonance modes in the UV/visible range.  The 580 nm and 670 nm diameter AlNCs exhibit 
long and short axis quadrupole modes at 750 nm and 315 nm, respectively (Figure 3.4C). 
The 1140 nm AlNCs exhibit long and short axis quadrupole modes at 1130 nm and 495 
nm, respectively (Figure 3.4D).  These AlNCs samples exhibit LSPR over a wide 
wavelength range and potentially could be used to enhance the spectroscopic signal of 
molecules at several different wavelength ranges.  This study focuses on the SEIRA 
enhancing properties of IR resonant dipoles. 
 
3.3.5 Extinction efficiency of large Au and Al NCs 
As relatively little work has been done using Al at IR wavelengths, the extinction 
efficiency of Al and Au NC with similar LSPR wavelengths was examined Table 3.1.  Au 
is known to interact favorably in the IR wavelength range (although not as well as Ag) and 
has been successfully used for SEIRA.18, 21, 22  By comparing the extinction efficiency of 
Al and Au NCs with similar LSPR frequencies, we may gain an understanding of how 
efficiently these AlNC antennas interact at longer wavelengths.35, 36  The extinction cross-
section of the long and short axis dipole resonances were calculated for Al and Au NCs by 
dividing the extinction (ε = 2-log10[%T]) by the particle density (N, particles/nm2) as 
previously reported.37  As expected, the extinction cross section of the NCs increases with 
increasing size.  This is expected as larger particles will scatter light more than smaller 





and Au particles of equivalent size have similar extinction cross-sections.  AlNCs with a 
diameter of 670 nm have extinction cross-sections of 16 x 104 and 28 x 104 for their short 
and long axis dipoles, respectively.  AuNCs of a similar size (610 nm) have extinction 
cross-sections of 18 x 104 and 22 x 104 for their short and long axis dipoles, respectively.  
While AuNCs can access longer wavelengths resonances at smaller sizes, it appears as 
though the two metals have similar cross-sections at similar sizes.  This indicates that 
AlNCs is absorbing light as efficiently as AuNCs.  Since light scattering increases with 
increasing particle size, Al and AuNCs of similar size are expected to scatter light similarly.  
 
3.3.6 SEIRA of Al and Au NCs 
Combining NTL with arrayed templates, we can fabricate a large surface density 
of AlNCs with resonances that can be tuned into the IR.  To gain insight into the near-field 
enhancement of these large IR resonant AlNCs, we investigated their ability to enhance a 
molecule’s spectroscopic signal.  SEIRA relies, in part, on large electric fields to enhance 
the vibrational modes of molecules and can be measured using a simple transmission FT-
IR measurement.15  Al and Au NCs were functionalized with ODPA and ODT, 
respectively, to measure their efficacy in SEIRA.  Thiols are known to preferentially adsorb 
to gold and long chain thiols like ODT form ordered monolayers.21  However, thiol 
chemistry is not compatible with Al.   Consequently, a different functional group must be 
chosen.  Phosphonic acid modification of alumina is well documented and was chosen to 
functionalize our AlNCs.  ODPA has the same chain length as ODT, and has been shown 
to form ordered monolayers over alumina.38-43  In these experiments we are enhancing the 
symmetric and asymmetric methylene stretches.  Consequently the functional group should 





dipole resonances around 3390 nm (2950cm-1) were used to measure the SEIRA 
enhancement of methylene symmetric and antisymmetric stretching modes (Figure 3.5). 
The addition of an ODT SAM on AuNCs results in a slight red shift of the LSPR peak 
(Figure 3.5A/B).  AlNCs show a similar LSPR shift upon OPDA binding (Figure 3.5 C, 
D). There is a surprising amount of enhancement occurring on the particles that are off-
resonance from the vibrational modes of interest for both Al and Au.  One striking 
difference between the Au and Al enhancement is the shape of the vibrational peak.  For 
the AuNCs, especially the on resonance particles, the vibrational modes take a very 
asymmetric peak shape that resembles a fano resonance.  These peak shapes are consistent 
with previously reported peak shapes for Ag NCs and gold nanoantenna.19, 44, 45  The 
enhancement peaks from the Al particles is unlike the AuNCs or other published work of 
SEIRA on Al.5  The enhanced methylene vibrational modes on AlNCs do not exhibit a 
fano lineshape seen previously on Ag NCs, nor are the peaks inverted as seen on the 
asymmetric Al work published by Halas et. al.5, 19  Instead, all the vibrational modes show 
an increased extinction and an asymmetric lineshape that slopes towards the LSPR 
maxima.   
The enhancements of Al and Au NCs relative to a functionalized, continuous metal 
film were compared using previously published methods (Table 3.2).19  The reflectivity of 
a monolayer of ODT or ODPA on a 25 nm thick continuous film of Au or Al, respectively, 
was converted to transmittance using the method described by Enders and Pucci.46  The 
ratio of the IR transmission signal of the NC substrate to the transmission of the continuous 
film is reported as the enhancement in Table 3.2.  As expected, when the LSPR overlaps 





observation holds true for both Al and Au NCs.  To make a fair comparison to previously 
reported SEIRA values of AgNCs, the surface area normalized enhancement factor is also 
reported. These enhancement values are lower than Ag NCs reported earlier by an order of 
magnitude.19  This discrepancy can be accounted for in the calculation of the portion of the 
substrate covered in nanoparticles.  Previously reported SEIRA enhancements were done 
using disperse AgNCs, and calculating the portion of substrate covered with NCs can be 
difficult as the surface coverage can vary widely depending on what portion of the substrate 
is being examined.  Using arrays of NCs, we have uniform surface coverage over the entire 
substrate, making our calculation of surface coverage significantly easier.  This issue of 
surface area calculation may also explain the discrepancy seen in the extinction efficiency 
of the AuNCs reported here, and those reported previously (Table 3.1).37  The extinction 
cross-section of the particles fabricated in this report are similar to those reported earlier, 
however, when incorporating the surface are coverage, our values are an order of 
magnitude lower. 
From Table 3.2 it is appears that gold exhibits a larger SEIRA enhancement for 
both on and off resonant NC particles.  While Au is expected to have slightly better optical 
properties at these long wavelengths, the calculated extinction efficiencies for these 
particles are approximately similar.  An alternative explanation for this discrepancy is the 
different adhesion chemistries employed.  Thiols chemistry on gold is well established and 
it may be assumed that all of the thiols on the AuNCs are attached to the metal in the same 
fashion, giving a uniform alkyl chain orientation.  AlNCs may be a mix of bidentate and 
tridentate ligand binding.40  This mixture of ligand binding may have an effect on the 





SERS, is sensitive to the orientation of the adsorbed molecule to the metal surface, and 




Here we demonstrate the ability to fabricate a high concentration of plasmonic 
antennas on a surface by close-packing the polystyrene templates and subsequent template 
shrinking with an oxygen plasma.  The resulting AlNC arrays have dipole resonances that 
can be tuned from the NIR to IR wavelength ranges with extinction efficiencies similar to 
AuNCs.  The fabrication of an array of NC does not lead to coupling between structures, 
as no red shifting of the long axis dipole is observed.  SEIRA measurements of Al and Au 
NC arrays were functionalized with ODPA and ODT, respectively.  Particle arrays were 
fabricated with resonances on and off the asymmetric methylene vibrational modes.  The 
different metals exhibited different enhancing peak shapes, with Au displaying 
enhancement profile similar to ODT on AgNC.  The ODPA monolayers on AlNCs were 
unlike previously reported enhancements for large Al structures, potentially owing to the 
different packing order of ODPA versus stearic acid.  It was shown that Al had slightly 
lower enhancement than Au structures at similar wavelengths.  This discrepancy may be 
from the intrinsic optical properties of the two metals, or a difference in the binding mode 













Table 3.1  Extinction efficiencies of NIR and IR resonant Al and AuNCs 
Particle diameter (nm) λMAX (nm) 
Extinction cross 
section (104 nm2) 
Extinction 
efficiency 
Al 580 ± 31 
SA-1310 10 1.3 
LA-2200 16 2.0 
Al 670 ± 50 
SA-1430 16 1.9 
LA-2415 26 3.0 
Al 1140 ± 133 
SA-2150 29 1.3 
LA-3644 46 2.0 
Au 610 ± 35 
SA-1645 18 2.0 
LA-2763 22 2.6 
Au 800 ± 29 
SA-1920 19 1.6 
LA-3263 38 3.2 
Au 950 ± 31 
SA-2140 38 1.7 
LA-3573 52 2.4 
Table 3.2  SEIRA enhancements of Al and AuNCs 
Size Metal LSPR (cm-1) Enhancement Surface-area normalized 
670 nm Al 4140 23 419 
1140 nm Al 2744 121 1231 
610 nm Au 3619 85 928 








Figure 3.1 Overview of the fabrication of arrays of AlNCs. A) Close-packed PS templates 
are deposited on a clean, flat surface (I), and then shrunk using an O2 plasma (II). A 
sacrificial copper layer (III) is deposited followed by the plasmonic metal (IV), Al or Au. 
The sacrificial layer is removed using nitric acid (V) and the film and templates are 
removed by sonication and tape (VI). The result is a high surface density of particles as 












Figure 3.2 Arrayed and disperse AlNCs have similar optical responses. A) SEM images 
showing arrays of AlNCs (351 ± 11 nm) with an interparticle separation of 127 ± 21 nm 
and (B) disperse AlNCs (372 ± 9 nm) of similar size. Scale bars represent 1μm. C) UV Vis 
spectra of disperse (purple) and arrayed (green) AlNCs shows difference in extinction that 
accompanies the increase is particles. D) Polarized UV Vis spectra show the long axis (red) 
and short axis (blue) dipoles maintain their LSPR for a given size regardless of being 











Figure 3.3 AlNCs arrays have optical responses that were predicted in previous work. A) 
SEM image of 140 nm diameter AlNCs and their corresponding unpolarized UV/Vis 
response (B). Polarized spectra show the short (C) and long axis (E) dipoles and their 
simulated response (D, F). (D, F are reprinted with permission from Rodriguez, M.; Furse, 
C.; Shumaker-Parry, J. S.; Blair, S. ACS Photonics  2014, 1(6), 496-506, Figure 7 










Figure 3.4 AlNCs are capable of supporting LSPR in IR wavelengths. A) Unpolarized 
UV/Vis/NIR/IR spectra of large (>550 nm) AlNCs on CaF2. By increasing the template 
size the LSPR can be tuned into the IR wavelengths. B) SEM images reveal these particles 
have sharp, field enhancing tips that effectively enhance the electric near-field. The 
polarized Vis/NIR spectra of 580 nm (C) and 1160 nm (D) diameter AlNCs were used to 











Figure 3.5 SEIRA enhancements of Al and Au NCs. FT-IR spectra for 800 nm (A) and 
610 nm (B) AuNC functionalized with 1 mM ODT (solid lines). The FT-IR spectra of 1140 
nm (C) and 670 nm (D) AlNCs functionalized with 2 mM ODPA are shown (solid lines). 
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The fabrication and design of plasmonic nanostructures continues to be an active 
are of research, mainly due to the difficulty in consistently producing features at the 
nanometer length scale.  For surface-enhanced Raman (SERS), fluorescence (SEF), and 
infrared absorption (SEIRA) spectroscopies, there is interest in plasmonic structures that 
produce large field enhancements.  At optical frequencies, this goal is achieved through the 
fabrication of sharp tips or small gaps.1-7  Sharp tips are defined as having a radius of 
curvature of around 5 nm and have shown to be useful in tip-enhanced Raman 
spectroscopy.3, 8, 9  Plasmonic coupling occurs when two structures are separated by 
distances of 2-20 nm, and subsequently, large field enhancements are produced in this 
gap.6, 10-12   
One common approach for the production of plasmonic gaps is through the 
asymmetric functionalization of synthesized nanoparticles.  Nanoparticles made by the 
reduction of a metal salt are selectively functionalized with either thiol ligands or DNA, 
and through ligand chemistry dimer particles with tunable gap distances can be produced.12-
18  Although DNA is a great spacer ligand that allows for highly tunable gap distances, 





impossible.  Dimer gap systems exhibit strong field enhancements when the incident 
electric field polarization is parallel to the dimer axis; this is desirable in certain 
applications.7, 14, 19  Electron beam lithography (EBL) has been used to fabricate 
nanoparticle gap systems that have uniform orientation and small gap sizes.11, 20  This 
technique allows for thorough investigation of fundamental properties of nanogap systems 
but cannot be used to produce structures on a large scale.  Nanosphere lithography is a cost-
effective method that has been used to produce nanogap structures, however, these particles 
are arranged in a radial patterns and consequently lack polarization dependence.21 
NTL has been successfully used to produce plasmonic structures of gold (Au), 
silver (Ag), and aluminum (Al) with sharp tips that have shown large theoretical field 
enhancements.22-24  However, this method has, until recently, been incapable of producing 
nanometer scale gaps between particles.  Here, we utilize the native oxide that forms over 
Al to define the gap between two nanostructures.  Previous work utilized angled metal 
deposition over a well hole to determine the gap distance between two ellipses.2  This 
approach leads to large errors in the gap distance, whereas the native alumina layer that 
forms over Al metal is consistently in the 2-4nm range.22, 25   
 
4.2 Materials and Methods 
4.2.1 Materials  
Pellets of Cu (99.999%), Al (99.999%), and Au (99.999%) were purchased from 
Kurt J. Lesker.  Water was purified using a Barnstead NANOpure Diamond system to a 
resistance of 18 MΩ.  Aldehyde-functionalized polystyrene microspheres were purchased 
from Life Technology.  Ethanol (200 proof) was purchased from Decon Labs.  Glass 





30% H2O2.  The glass was then rinsed three times with water and then placed in a sonication 
bath at 60 ˚C for 60 min in a solution of 5:1:1 volume ratio H2O: NH4OH: 30 % H2O2. 
Slides were rinsed three times and stored under water for up to one week.  CaF2 disks were 
purchased from OptoCity and cleaned by rinsing with isopropanol (99.5 %, Sigma) and 
drying under N2 followed by UV/Ozone (Jelight Co.) cleaning for 5 min.  CaF2 disks were 
used immediately after cleaning. 
 
4.2.2 Dimer nanocrescent fabrication 
Nanosphere template lithography is a simple method for producing nanoparticles 
over large areas of a substrate.26, 27  Crescent antennas were fabricated in accordance with 
previously published procedures.22  Slight modifications to established protocols were used 
to fabricate dimer nanocrescents (DNCs) and are described here briefly.  Polystyrene 
templates were deposited as a close-packed monolayer using a method adapted from Chen 
and Moitra.28, 29  In this process, cleaned substrates are placed in a petri dish and covered 
with water; the dish is then elevated slightly at one end.  A close-packed monolayer of 
aldehyde functionalized polystyrene microspheres (Life Technologies) is formed on the 
air-water interface.  Microspheres are introduced to the surface using a syringe pump and 
a clean glass slide that is placed at an angle into the water.  Microspheres are pumped until 
a close-packed monolayer covers the entire water surface, as observed by visual inspection 
of a complete iridescent film.  The water is then removed from the petri dish at a slow, 
constant rate using a peristaltic pump.  As the water is removed, the close-packed 
monolayer is transferred to the cleaned substrate. 
For the fabrication of DNCs, gaps between the microspheres were created by 





the surface around the spherical templates, as opposed to the fabrication of various 
triangles.5, 30-32  A 70 nm sacrificial layer of copper was deposited normal to the surface 
using an electron beam evaporator (Denton, New Jersey) at a rate of 2-10 Ǻ/s and at 
pressures around 5.0 x 10-6 Tor.  While these conditions are not optimal for the production 
of a quality plasmonic Cu film, the layer will not be used for plasmonics, hence, we only 
need to deposit a continuous metal film that can later be removed.33  Al was deposited at a 
40˚ angle to the surface normal using an e-beam evaporator at a pressure of 1 x 10-6 Tor 
and at rates exceeding 10 Ǻ/s to achieve a 25 nm film thickness.  The chamber was then 
vented and the substrates were rotated ~180˚ relative to the source of the metal.  A second, 
25 nm film, of plasmonic metal was then deposited, again at an angle of 40˚ relative to 
surface normal.  For preparing Au structures, Au was deposited at a rate of 1-2 Ǻ/s and at 
pressures below 2 x 10-6 Tor.  A 3nm Cr layer was deposited prior to Au deposition to 
promote adhesion to the substrate.  The sacrificial copper layer is removed by rapidly 
submersing the substrates in concentrated nitric acid followed by a water rinse.  The 
remaining gold or aluminum film is removed using 3M scotch tape, leaving behind 
plasmonic structures on the substrate. 
 
4.3 Results and Discussion 
4.3.1 Aluminum nanocrescents 
Here we demonstrate that coupling between crescent shaped nanoparticles can be 
achieved by fabricating two structures facing each other (Figure 4.1).  Previous work has 
demonstrated that aluminum plasmonic antennas may be fabricated by combining 
nanosphere template lithography with a sacrificial copper layer.22  These aluminum 





from the UV to NIR wavelengths by changing template size.  The incorporation of the 
sacrificial layer was shown to be necessary as Al oxidizes rapidly under atmospheric 
conditions to form a 3 nm protective layer of Al2O3.
25  Once again, we take advantage of 
this oxide layer to create a gap between two NC particles.  Nanoparticles have been shown 
to couple with each other at distances from 2 to several hundred nanometers.7, 34-36  When 
nanoparticles are within 20 nm of one another, coupling leads to large near field 
enhancement as well as a red-shift of the LSPR.36-38  By fabricating two NCs facing each 
other, we are able to create a gap between the structures that is defined by the native oxide 
of Al.  This is accomplished by fabricating an AlNCs array, venting the chamber allowing 
the Al to oxidize and depositing a second set of NCs facing the original structures (Figure 
4.1). 
For reference, an array of AlNCs with a tip to tip distance of 350 nm and a backbone 
thickness of 100 nm was fabricated on a glass substrate.  The SEM image and unpolarized 
optical response of this AlNC array are shown in Figure 4.2 A/B.  These structures show 
distinct resonances in the NIR region that correspond to dipole resonances.  The short axis 
dipole (1095 nm) and long axis dipole (1900 nm) are the two most prominent features in 
the spectrum.  The long axis dipole shows a larger extinction value presumably because of 
the increased scattering associated with this excitation geometry.  Previous publications 
have demonstrated the polarization-dependent response of these dipole modes, and by 
changing the incident polarization these modes may be selectively inducing.22, 39-41  In 
addition to these dipole modes, a quadrupole resonance is observed at 400 nm.  When the 
light is polarized along the short axis, there is a stronger extinction at 400 nm indicating 





light is polarized along the long axis the extinction at 400 nm is reduced, but still present.  
Indicating the extinction at 400 may be due to higher order modes from both long and short 
axis excitations.  Alternatively, this resonance may be due to an out of plane dipole that 
has been observed in large AuNCs.40 
 
4.3.2 Homometallic DNCs 
Coupling two AlNCs to each other through a nm scale gap leads to drastic changes 
in the optical response (Figure 4.2C).  Controlling nm scale gaps is challenging with any 
nanoparticle assembly or fabrication technique, but here we have found a way to maintain 
a minimum separation between two NC structures.  By depositing an array of AlNCs on a 
substrate and venting the chamber, the Al film is allowed to form a native ~3nm oxide 
layer.25  This oxide layer acts as the nanometer spacer for when the second set of AlNCs 
are deposited on the opposite side of the template.  The result is two AlNCs that overlap at 
their tips, but maintain a nanometer gap separation due to the native oxide (Figure 4.2D).  
This simple geometry modification leads to a large shift in the unpolarized optical response 
(Figure 4.2C).  Instead of two distinct dipole resonances, one broad LSPR response is 
centered at 1385 nm. This resonance lies between both the long and short axis dipole 
resonances observed in single AlNCs (Figure 4.2A).  Previous studies of dipolar coupling 
would explain the drastic red-shifting that is observed due to the close proximity of the two 
structures.36   
In addition to the strong, broad peak in the NIR, a weaker mode is observed at 490 
nm for the homodimer structures.  This LSPR response may be a quadrupole mode that is 
present in the DNC.  While quadrupole fields decay more rapidly than dipole fields, 1/r5 





a coupling of the quadrupole modes to occur.36  El Sayed and co-workers showed that at 
interparticle gaps smaller than 0.5D (with D being the particle diameter) multipolar 
interactions begin to play a role in the coupling.36  With DNC diameters of ~350 nm and 
gap distances between 3-6 nm, the effect of quadrupolar and potentially even octupolar 
modes cannot be ruled out. 
The SEM of these particles shows the crescents are not perfectly symmetric relative 
to each other (Figure 4.2D).  At one end, there is a clear 5-10nm gap separating the tips of 
the two particles.  Opposite this gap, it appears as though tips of the crescent particles are 
overlapping.  It should be noted that the aluminum oxide layer is approximately 3 nm thick, 
regardless of whether the film oxidized under atmospheric conditions or due to exposure 
to concentrated nitric acid.22, 25  The oxidation of an Al film even occurs on the substrate 
side of the film and is responsible for Al’s adhesion to glass.42  Consequently, where there 
is a distinct gap observable in the SEM images, the separation between plasmonic materials 
is expected to be ~6nm larger.  Also, where the tips of the two crescent structures overlap, 
there is an Al2O3 layer separating the two structures of 3-6nm. 
A more detailed analysis of the optical response of these Al/Al DNC structures is 
obtained by looking at their response to polarized light (Figure 4.3).  For reference, the 
polarization of the incident light relative to the NCs is indicated in the SEM image of the 
sample (Figure 4.3C).  Long axis and short axis refer to the orientation of the polarization 
relative to the entire DNC structures, with the long axis defined as the axis that is parallel 
to the line running from the two tips while the short axis is defined as the line from the 
backbones (the yellow and light blue arrows, respectively) to the center of the dimer 





centered at 1385 nm is actually composed of two LSPR modes (Figure 4.3A).  When the 
incident light is polarized at 40°, a strong response at 1385 nm is observed.  Changing the 
incident polarization to 130° leads to a relatively weak response at 1205 nm as well as an 
increased extinction at wavelengths that are beyond the transmission of the substrate 
(>2400 nm).  Surprisingly, these two polarizations are offset 30° from the short (100°) and 
long (190°) axis geometries of the Al/Al DNCs.  When light is polarized along the 100° 
axis and 190° axis an extinction maximum is observed at 1385 nm, although the magnitude 
and broadness of the extinction is markedly different.  As the 100° polarization is aligned 
with the short axis of the DNC, the broadening and red-shifting relative to the short axis 
dipole resonance of a single AlNC may be indicative of dipole coupling.  The 190° 
polarization is blue-shifted from the long axis dipole of a single AlNC.  Consequently, the 
observed spectra are more complex than a simple dipole coupling model and higher order 
modes may be involved. 
Additionally, the resonance in the visible wavelength range exhibits a strong 
polarization-dependent response.  The LSPR mode at 490 nm increases in amplitude when 
light is polarized at 130° and reaches a minimum at the perpendicular excitation (40°). 
Again, these polarization angles are 30° offset from the long and short axis of the Al/Al 
DNC.  What is notable is that the 100° polarization has a high extinction at this wavelength, 
which is associated with the short axis of the Al/Al DNC.  Additionally, the 160° excitation, 
which aligns more closely with the long axis of the Al/Al DNC, exhibits a similar 
extinction value.  
Seeing a coupling effect in both the long and short axis excitation is not surprising.  





regions experience the greatest field enhancements.22, 23, 41  Consequently, we would expect 
to see a plasmonic coupling effect occur when light is polarized along either the long or 
short axis.  In a simple model, this coupling would be manifested by a red-shift of both 
long axis and short axis excitations.  However, what is observed is more complex than 
simple dipole coupling and may be the result of higher order modes.  This is plausible as 
the separation distance in the DNC system is much smaller that the diameter of the 
particles.36  Theoretical work of this particular nanoparticle system is required to gain a 
better understanding of the observed optical spectra.  Additionally, theoretical models 
would help to predict near field enhancements patterns.  If this DNC system has more 
regions of enhancement they might be preferable for surface-enhanced spectroscopies. 
 
4.3.3 Heterometallic DNCs 
As the native oxide over aluminum provides a definitive minimum gap distance, 
this fabrication technique allows for the creation of DNC structures with different metals.  
By using a metal that does not oxidize, like Au, the gap distance may theoretically be 
shortened.  Heterogeneous DNC were fabricated by first depositing a 25 nm AlNC array.  
On the opposing side of the template, a 3 nm Cr adhesion layer was deposited followed by 
the deposition of 25 nm of Au, resulting in an AlNC and an AuNC facing each other (Figure 
4.4C).  The particles were then characterized using UV/Vis absorption spectroscopy and 
SEM (Figure 4.4).  For comparison, the unpolarized optical spectrum of a 350 nm AuNC 
is shown in Figure 4.3A.  All of the peaks for the AuNCs are red-shifted relative to the 
LSPR response of 350 nm AlNCs shown in Figure 4.2A.  For the AuNC array, short axis 
and long axis dipole resonances appear at 1335 nm and 2040 nm, respectively.  The LSPR 





AuNC array, and is weaker when the light is polarized along the long axis (data not shown).  
This mode has been attributed to an out of plane dipole in previous work.40  The absorbance 
starting around 450 nm is due to the interband transition of gold and is not from a plasmon 
resonance. 
Again, separating two NCs by a small gap introduces drastic changes to the optical 
response of this heterodimer structure.  In the unpolarized UV/Vis spectrum, a broad LSPR 
is observed at 1610 nm, with a less intense higher order mode at 700 nm (Figure 4.4B).  To 
aid in the visualization of the heterogeneous DNC structures, SEM images were false 
colored to help distinguish between the Au and Al (Figure 4.4C).  The diameter and 
backbone thicknesses of these structures are nearly identical to the Al/Al DNC structures; 
additionally, the slight asymmetric overlap is very similar as well.  The similar shape and 
structures allows us to analyze the effect that exchanging the metal has on the plasmonic 
properties of the structure. 
The polarized UV/Vis/NIR spectra of an Al/Au DNC array is presented in Figure 
4.5 and reveals a significant change in the plasmonic behavior of the structure.  To aid in 
the correlation of polarized extinction spectra with Al/Au DNC geometry, the polarization 
angles have been overlaid on an SEM image (Figure 4.5C).  The long axis of the Al/Au 
DNC refers to axis that splits the structure where the tips overlap (light red arrow).  The 
short axis is the perpendicular axis (dark blue).   As with the Al/Al DNC, the heterogeneous 
Al/Au DNC exhibits two strong dipoles in the NIR region that can be selected by the 
changing the incident polarization.  A maximum extinction at 1835 nm is excited by 130˚ 
polarized light.  A second prominent LSPR mode at 1430 nm is excited with 40˚ polarized 





relative to a AuNC long axis mode (2040 nm).  Attributing the 40˚ polarization to a “short 
axis” mode, this LSPR is red-shifted relative to a AuNC short axis mode (1335 nm).  
Relative to an array of Al/Al DNCs, both these modes are red-shifted. 
The true long (100˚) and short (190˚) axis polarization of the Al/Au DNC exhibit 
broad LSPR modes at 1575 nm and 1760 nm, respectively.  Compared to the Al/Al DNC 
array, all of the observed LSPR modes have red-shifted.  The red-shift of the LSPR 
wavelength is most likely due to the changing of plasmonic metal and not a change in the 
gap distance separation. 
A more complicated relationship between polarization angle, wavelength maxima, 
and extinction is observed in the visible region of the spectra (Figure 4.5B).  The 40˚, 160˚, 
and 190˚ polarization angles all exhibit a LPSR response at 700 nm and are within 30˚ of 
the short axis of the Al/Au DNC structure.  The 130˚ polarization angle shows a weak 
extinction at 755 nm, this extinction continues to decrease in intensity as the polarization 
angle overlaps with the long axis of the Al/Au DNC (100˚).  The 130˚ polarization shows 
little extinction in the 500-1100 nm range.  At shorter wavelengths (<500 nm), every 
polarization angle exhibits an increased extinction.  Au will absorb light below this 
wavelength because of its interband transition, but its absorption would not depend on the 
incident polarization.  There is a distinct polarization-dependent response at wavelengths 
below 500 nm that must be the result of the Al portion of the Al/Au DNC. 
So far the evidence for a gap separated heterometallic and homometallic plasmonic 
structures is purely based off of spectroscopic data.  However, a case may still be made 
that what we are observing is the result of plasmonic coupling.   There is a clear shift in 





composition).36  A significant broadening of the LSPR is observed, which is also indicative 
of plasmonic coupling.34, 35  Admittedly, more data is required to support this assertion.  
Energy dispersion spectroscopy (EDS) in a scanning transmission electron microscope 
would provide microscopic evidence for gap separated structures.  Additionally, finite 
difference time domain (FDTD) simulations would help to understand what is happening 
in the near field enhancement. 
 
4.4 Conclusions 
NTL was used to successfully produce gap separated plasmonic structures.  Using 
a copper mask template, lithography homoplasmonic and heteroplasmonic nanocrescent 
dimer structures were fabricated over large substrate areas.  These dimer nanocrescents had 
a gap separation defined by the native alumina layer that forms over the Al metal, resulting 
in gap distances of ~3nm.  The DNC structures resulted in complex polarization-dependent 
optical responses that were highly dependent on the metal composition of the system.  
Al/Al DNC structures exhibited dipole and quadrupole LSPR modes that were significantly 
red-shifted relative to a single AlNC system.  These plasmonic modes exhibited predictable 
polarization-dependent optical responses.  A heterometallic DNC composed of Au and Al 
exhibits complex polarization-dependent optical response.  Due to the small gap size, these 













Figure 4.1 Schematic representation of the dimer nanocrescent fabrication process. I) PS 
templates are deposited on a substrate, II) followed by 60 nm of copper normal to the 
surface. III) A 25 nm aluminum film is deposited at a 40˚ relative to surface normal. IV) A 
second 25 nm metallic film is deposited on the opposing side of the PS template, at an 
angle 40˚ relative to surface normal. For hetero metallic DNCs this second metal film is 
Au (with a Cr adhesion layer). V) The copper film is removed by quickly submersing the 
substrates in nitric acid. VI) The films of Al (or Al and Au) are removed via sonication and 

















Figure 4.2 DNC arrays exhibit a drastically different optical response than AlNC arrays. 
A) Unpolarized UV/Vis spectrum of 350 nm AlNCs showing two distinct dipoles 
corresponding to short (1095 nm) and long (1900 nm) axis resonances and accompanying 
SEM (B). C) Unpolarized UV/Vis spectrum of 350 nm DNC fabricated such that their tips 













Figure 4.3 Polarized spectra of DNC arrays shows their complex optical response. A/B) 
Polarized Vis/NIR spectra of 350nm Al/Al DNC showing the polarization dependence of 
the different resonant modes. C) SEM image with the polarization angles from the 








Figure 4.4 Heterometallic DNC structures are easily fabricated using NTL. A) Vis/NIR 
spectrum of an array of AuNCs with a 350 nm tip-to-tip diameter, a long and short axis 
dipole at 1335 nm and 2040 nm, respectively, are clearly present. B) Unpolarized Vis/NIR 
spectrum of an array of Al/Au DNC structures. C) SEM of Al/Au DNC with a diameter of 








Figure 4.5 Polarized optical response of heterometallic DNC reveals complex higher order 
modes. A/B) Polarized Vis/NIR spectra of a 350 nm diameter Al/Au DNC array shows a 
complex relationship between polarization angle and LSPR wavelength especially at 
visible wavelengths (B). The polarization angles from the UV/Vis/NIR overlaid onto the 
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INFLUENCE OF ALUMINUM CONTENT ON PLASMONIC  
BEHAVIOR OF MG-AL ALLOY THIN FILMS 
 
The following work is the result of collaboration in the Materials Science Research 
Engineering Center (MRSEC) and is reprinted with permission from Appusamy, K.; 
Swartz, M.; Nahata, A.; Shumaker-Parry, J.; Guruswamy, S. Opt. Mater. Express 2016, 
DOI 10.1364/OME.6.003180.  The experimental work was carried out by Dr. Appusamy 
and myself.  The deposition of magnesium and aluminum as well as characterization of the 
films by ellipsometry and atomic force microscopy (AFM) was performed by Dr. 
Appusamy.  Preparation of the polystyrene templates as well as characterization and 
interpretation of spectroscopic data of the nanotriangles was performed by me.  The 
introduction, conclusion, methods, results and discussion section pertaining to the 
deposition of the metal films and their characterization by ellipsometry were written by Dr. 
Appusamy.  While the methods, results, and discussion section relating to the nanotriangles 
were written by me. 
 
5.1 Abstract
The influences of deposition rate and alloying with aluminum (0 to 65 at.%) on the 
structure and optical properties of magnesium films on quartz are examined. Results show 





and decreases the surface roughness and grain size. Addition of Al to Mg blue shifts the 
localized surface plasmon (LSP) figure of merit peak position and improves LSP FOM 
values over portions of the ultraviolet (UV) region. Nanotriangles (NTs) of Mg and Mg-Al 
on quartz were fabricated using colloidal lithography. Mg-Al NTs show improved LSP 
resonance (LSPR) response compared to Mg particles due to improved structural integrity. 
 
5.2 Introduction 
The use of plasmonics in the UV spectral range has often been overlooked, but is 
of interest as many important chemical/biochemical reaction steps are associated with these 
energies.  UV plasmonic structures are therefore very attractive for use in enhanced 
chemical synthesis and other photochemical processes in addition to UV spectroscopy for 
sensing and detection as well as energy harvesting applications.1  Al is often considered 
the best plasmonic metal across the UV range due to its high plasma frequency and absence 
of interband transitions in this region.2  However, Al suffers from drawbacks including a 
large electron damping factor and the formation of a very stable oxide layer that is of 
concern in both fabrication and applications.  In our earlier work3, 4, it was demonstrated 
that Mg also has potential as an alternative plasmonic material in the UV region from 280-
400 nm.  For instance, the figure of merit of localized surface plasmons using Mg films is 
more than 50% higher than with Al films at near-UV wavelengths. 
Researchers5, 6 have proposed that alloying metals (like Cu, Ag, Au) with a small 
volume fraction of another metal modifies the metal’s reflection and absorption properties 
as observed by spectral characterization.  Alloying of monovalent metals such as Ag and 
Au with bivalent or trivalent metals increases the free electron density.  This raises the 





Time-Domain (FDTD) calculations, Chowdhury et al. 7 showed shifting of the interband 
transition in Ag by the addition of trivalent metal Al.  Bobb et al. 8 have shown shifts in 
interband transitions in Au by alloying with bivalent transition metals (e.g. Cd, Zn). 8  Cd 
and Zn contribute one extra electron to the free-electron plasma in Au thereby increasing 
the electron density.  In the case of noble metal alloy thin-films, the dielectric function can 
be manipulated by tuning the concentration of two individual metals, which in turn 
modifies the strength of the polarization (ε1) induced by an external electric field and the 
losses (ε2) in the material due to absorption.9  In addition, researchers10-12 have shown that 
by adding small amounts of Al into Ag, the morphology and optical properties of ultrathin 
Ag films can be significantly improved.  In this work, the influence of alloying Mg with 
Al on the structural characteristics and the optical behavior of Mg is examined.  This work 
also examined the localized surface plasmon resonance (LSPR) response of Mg-Al alloy 
nanotriangles on quartz substrates compared to pure Mg and pure Al nanotriangles. 
 
5.3 Experimental Section 
Mg-Al alloy thin films were deposited on fused quartz substrates by co-sputtering 
of Mg and Al using magnetron sputtering in an ultrahigh vacuum (UHV) chamber.  Air 
Products Research grade argon gas (>99.9995% purity) was used for the sputtering process. 
The Mg target was machined from 99.99+% purity Mg discs that had a diameter of 50 mm 
and thickness of 6.25 mm.  The Al sputtering target, with a diameter of 50 mm, thickness 
of 6.25 mm, and a purity of 99.9995%, was obtained from Alfa Aesar.  
The sputtering chamber was evacuated using a turbo pump to a base vacuum level 
of < 3 × 10-7 Torr.  Argon gas was then introduced at a flow rate of 3.0 × 10-2 cc/min and 





pressure of 2.5 x 10-3 Torr.  Al and Mg films were co-sputtered using an Advanced Energy 
500 W DC sputtering power supply and a 500 W RF power supply, respectively.  The 
targets were sputter cleaned for 5 minutes prior to each deposition to remove the oxide film 
on the target surface.  Mg-Al films were deposited on optically smooth surfaces, 25 mm × 
25 mm polished fused quartz substrates.  The compositions of the alloys were controlled 
by varying the power for Al and Mg sputtering. 
The samples were retained in the deposition chamber under vacuum until their 
transfer to the ellipsometry measurement system.  For transfer, the samples were removed 
from the deposition chamber and sealed in polyethylene bags under an argon atmosphere. 
The transfer time was typically ~30 minutes.  The optical measurements were then carried 
out using a Variable Angle Spectroscopic Ellipsometer (VASE) made by J.A. Woollam 
Co.13, 14  Since the samples were briefly exposed to atmosphere before and during the 
VASE measurement, we expect the formation of a few nm thick MgO-Al2O3 on the thin 
metal film surface.  We used a Drude model for fitting the optical properties and considered 
the Mg alloy film and substrate in the model.  Measurements in this work were made over 
the wavelength range of 250 to 1700 nm at incident angles of 70° and 75°.  
The surface morphology of the films was analyzed using a high-resolution FEI 
Nova Nano 630 Scanning Electron Microscope (Nova NanoSEM™).  The surface 
roughness of the films was analyzed using a Bruker Dimension ICON-PT atomic force 
microscope (AFM), which was used in the contact mode with a nominal tip radius of 
curvature of 2 nm.  The average compositions of the alloy thin films were analyzed using 
Energy Dispersive Spectroscopy (EDS) in a Nova NanoSEM™.  The standardless 





measurements were made on each of the samples in adjacent location to obtain standard 
deviation of the measured composition.  Three measurements were made on the sample in 
adjacent location to obtain standard deviation of the measured composition.  The crystalline 
structure and crystallographic texture were analyzed using X-ray diffraction measurements 
using a Siemens D5000 X-ray diffractometer. 
 
5.3.1 Fabrication of nanostructures 
From the optical constant measurements, it was observed that Mg-Al alloy films 
have improved LSP figure of merit values compared to Al in some portions of the UV 
range.  To examine the localized surface plasmon (LSP) response of Mg-Al alloy films, 
nanotriangles were fabricated using nanosphere lithography15, also commonly known as 
colloidal lithography.  Unlike electron beam lithography (EBL), it is inexpensive and is 
easily applied over large substrate areas.  This fabrication method also involves a very 
limited number of steps, lowering the risk of oxidation of the Mg film.  Nevertheless, the 
alloy films would be compatible with other patterning methods making use of a lift-off 
step, such as electron beam lithography. 
 
5.3.1.1 Preparation of close-packed polystyrene (PS) beads 
Water with a resistivity of about 18 MΩ obtained after passing through a Barnstead 
NANOpure Diamond filtration system was used.  Chemicals used were reagent grade 
and purchased from Fisher Scientific unless otherwise noted.  Fused silica (quartz) slides 
were first cleaned in piranha acid, 3:1 concentrated sulfuric acid (Macron Fine Chemicals), 
30% H2O2, for 45 min followed by sonication in a basic solution (5:1:1 water, concentrated 





in a petri dish that was elevated by 5°.  Aldehyde functionalized polystyrene (PS) 
macrospheres (Life Technologies) were diluted 50:50 in 200 proof ethanol (Decon) and 
introduced into the petri dish using a microliter syringe pump.  Once a monolayer of PS 
beads was formed at the air-water interface, the water was pumped out of the petri dish 
using a peristaltic pump, leaving behind a close-packed monolayer on the clean quartz 
slides and the slides were left to dry in an ambient environment.16, 17  (Caution: Piranha 
solution is a strong oxidizing agent, which has been known to detonate spontaneously upon 
contact with organic material, and should be handled with extreme care.) 
 
5.3.1.2 Fabrication of nanotriangles (NTs) 
After drying, a thin film of required material (Mg or Al) of thickness 50 nm was 
magnetron sputter deposited (described in section 2) on the quartz slides containing a 
monolayer of close-packed PS beads of desired size.  The PS beads were selectively 
removed using adhesive tape.  The resulting size of the nanotriangles was varied by using 
different sizes of the PS beads.18 
 
5.4 Results and Discussion 
5.4.1 Influence of deposition rate 
Mg films were deposited at different deposition rates (1.8, 5.2, and 7.0 Å/s) on 
fused quartz substrates.  The nominal thicknesses of the Mg films were 100 nm as measured 
using stylus profilometry.  Various deposition rates were achieved by changing the RF 
sputtering power for Mg deposition from 30 to 84 W. Figure 5.1 shows AFM images of 
Mg films prepared with different deposition rates of (a) 1.8, (b) 5.2, and (c) 7.0 Å/s.  The 





and 7.0 Å/s) are 3.7, 2.7, 2.3 nm, respectively.  Rq values are the standard deviations from 
the mean plane and represent the roughness.  The result suggests that surface roughness 
values tend to decrease as the deposition rate increases. 
Quantification of the grain size was difficult because of the change in morphology 
of the film structure at the higher deposition rate, but a decrease in the grain size of the Mg 
film with an increase in the deposition rate could be qualitatively seen (Figure 5.1).  Other 
work on metallic thin films has shown that a decrease in grain size can be attained by (i) 
faster deposition rate of the metallic film which reduces the time that metal atoms can 
diffuse on the substrate and leads to smaller grains, especially when the substrate is at 
ambient temperature conditions19, 20, and (ii) the presence of residual gas molecules present 
in the deposition chamber, especially for metals with high reactivity like Al and Mg, which 
tend to reduce grain growth.  Here the depositions of Mg films were carried out in a UHV 
chamber with a base pressure of < 2 × 10-7 Torr, so the probability of the formation of an 
oxide layer and pinning of the grain boundaries is very low.21  
Figure 5.2(a) and (b) shows the optical constants 1 and 2 for the Mg films as a 
function of incident wavelength, where 1 (Eq. 5.1) and 2 (Eq. 5.2) are the real and 
imaginary parts of the direction function (Eq. 5.3).13, 14, 22  A more meaningful measure of 
the utility of a specific metal for plasmonics applications at optical frequencies can be 
obtained by considering a figure of merit (FOM) that is relevant for the specific application. 
In the case of localized surface plasmon (LSP) implementations, this is commonly given 
by FOMLSP = −1/2, while for surface plasmon polaritons (SPP) applications, it is given 
by FOMSPP = β1/β2, where β (Eq. 5.4) is the complex propagation constant of the SPP at 





 ε1 =  n
2 − k2 (5.1) 
 ε2 = 2nk (5.2) 




(ε1 + iε2) + 1
 
(5.4) 
With increasing deposition rate, ε1 does not vary significantly.  In the case of ε2, the 
Mg films prepared with deposition rates of 5.2 and 7.0 Å/s, show lower losses when 
compared to the Mg film with a deposition rate of 1.8 Å/s.  Reduction in grain size increases 
the area of grain boundaries which act as electron scattering centers.25, 26  On the contrary, 
in the case of Figure 5.2 (b), the Mg films with finer grain size (5.2 and 7.0 Å/s) seem to 
have lower losses when compared to the film with bigger grain size (1.8 Å/s).  However, 
there is a reduction in surface roughness of the films which contributes to the improvement 
in the FOMLSP values. 
Figure 5.2(c) shows a plot of FOMLSP versus wavelength and Figure 5.2(d) shows 
a plot of FOMSPP versus wavelength observed in the case of Mg films deposited at different 
rates.  The Mg film prepared with a 7.0 Å/s deposition rate gives higher FOMLSP of about 
8.3 at 370 nm, when compared to 7.9 at 380 nm (5.2 Å/s) and 6.6 at 360 nm (1.8 Å/s). 
FOMSPP values are also significantly improved for films with higher deposition rates (5.2 
and 7.0 Å/s) when compared to the lower deposition rate (1.8 Å/s) especially at 







5.4.2 Optical response of Mg-Al alloy thin films 
The optical responses of Mg-Al alloy films are presented in this section.  For the 
purpose of analysis, the Mg-Al alloy thin films were divided into two categories: (i) Mg-
rich (Mg > 50 at.%) and (ii) Al-rich (Al > 50 at.%).  The nominal thicknesses of all the Mg 
alloy thin films were 100 nm. 
 
5.4.3 Mg-Al alloy thin films 
Two intermetallic compound phases are observed in the Al-Mg binary system, 
namely Al3Mg2 (β), and Al12Mg17 (γ).  Al3Mg2 has a Cd2Na type structure while the 
Al12Mg17 phase has an α-Mn (A12) type structure (Table 5.1).27  Preparation of Al3Mg2 
and Al12Mg17 films of exact stoichiometry using the co-sputtering approach required 
several trials and was challenging.  In this work, Mg-Al films with Al content in the 0 to 
65 at.% range were examined.  The films were prepared by varying relative sputtering 
powers used for Mg and Al sputtering.  Table 5.2 shows the compositions of various films 
obtained and the sputtering powers used for Mg and Al.  Figure 5.3 shows the XRD patterns 
of both Mg-rich and Al-rich Mg-Al alloy films on quartz substrates.  
At room temperature, the Mg-65 at.% Al film composition lies in the Al (α) and 
Al3Mg2 (β) two phase region and the film is expected to contain predominantly the Al3Mg2 
(β) (~90%).  The Mg-59 at.% Al film composition lies in the Al3Mg2 (β) single phase 
region.  The XRD patterns (Figure 5.3) for both Mg-65 at.% Al (35Mg-65 Al) and Mg-59 
at.% Al (41 Mg- 59 Al) alloys do not show any peak corresponding to the Al3Mg2 (β) phase 
likely due to preferred orientation present in the sample where the grain orientations are 
such that the Bragg condition is not satisfied in the θ-2θ scan configuration.  While it is 





preferred growth direction from film normal, peak intensity can be dramatically reduced 
with relatively small film thickness levels.  The other possibility is that the film is 
amorphous.  For films examined with Mg content from 48 to 59 at.%, a two phase mixture 
containing Al3Mg2 (β) and Al12Mg17 (γ) is expected.  In this composition range, the amount 
of Al12Mg17 (γ) phase increases to ~95% as Mg content increases to 58 at.%.  In the XRD 
patterns for alloys in this composition range of 48 to 59 at.% Mg, a peak at 2θ value of 
35.36° is observed.  This peak corresponds to (400) peak from the Al12Mg17 (γ) phase 
grains with its intensity increasing as Mg content is increased.  This suggests strong (400) 
preferred orientation of the γ phase which is based on bcc type Bravais lattice.  For films 
examined with Mg contents from 70 to 97 at.%, two phase mixture of Al12Mg17 (γ) and Mg 
(α) phase is expected, with the amount of γ phase decreasing and consequently the decrease 
in the intensity of (400) peak of the γ phase as Mg content increases.  At these high Mg 
contents, peaks at 34.71º which corresponds to the (0002) peak of Mg phase and its position 
is close to that of the (400) peak of the γ phase is observed.  At Mg contents close to 97 
at.%, the film mainly consists of pure Mg phase and peak count rates for the (0002) are 
similar to the observed values for [0002] textured pure Mg films. 
 
5.4.4 Structure and optical responses of Mg-rich Mg-Al films 
Figure 5.4 shows the AFM images of Mg-rich Mg-Al alloy films on fused quartz 
substrates.  The RMS roughness values observed for Mg-rich alloy films are also shown in 
Figure 5.4.  The surface roughness does not seem to vary significantly.  For the purpose of 
analysis, Mg-rich Mg-Al alloy films are grouped into two categories (group 1 and 2) based 
on their deposition rates as highlighted in Table 5.2.  Group 1 has 51Mg-49Al, 58Mg-42Al, 





Figure 5.5(a) and (b) show the optical constants 1 and 2 as a function of incident 
wavelength for group 1 Mg-rich Mg-Al alloy thin films.  Figure 5.5(a) shows that the 1 
values for group 1 Mg-rich Mg-Al alloy films lie between those of pure Al and Mg films. 
The same trend is seen for the 2 values for wavelengths above 300 nm (Figure 5.5(b)).  
Figure 5.5(c) shows a plot of the FOMLSP versus wavelength and Figure 5.5(d) shows a 
plot of the FOMSPP versus wavelength.  FOMLSP values increases with an increase in Mg 
content and the peak in the FOMLSP curve blue shifts from 360 nm for pure Mg (1.8 Å/s) 
to 320 nm (a shift of about 40 nm) for 70Mg-30Al film.  Both 58Mg-48Al and 70Mg-30Al 
alloy films have slightly higher FOMLSP than pure Mg film at the short wavelengths (below 
about 300 nm) due to the blue shift even though the FOMLSP peak is lowered.  FOMSPP 
values for the group 1 Mg-rich alloy films show no significant improvement and the value 
decreases after about 340 nm.  Both 51Mg-48Al and 58Mg-42Al thin films show a strong 
(400) peak corresponding to the γ phase (Al12Mg17) (Figure 5.3).  The results suggest that 
these intermetallic phases also improve FOMLSP values at the short wavelengths (below 
about 290 nm) when compared to either pure Al or pure Mg (Figure 5.5(c)). 
Figure 5.6(a) and (b) show the optical constants 1 and 2 as a function of 
wavelength for group 2 Mg-rich Mg-Al alloy thin films.  Figure 5.6(a) shows that the 1 
values for group 2 Mg-rich Mg-Al alloy films lie between those of pure Al and Mg films, 
and the same trend is seen for the 2 values (Figure 5.6(b)).  Figure 5.6(c) presents a plot 
of the FOMLSP versus wavelength and Figure 5.6(d) shows a plot of the FOMSPP versus 
wavelength.  FOMLSP values increase with an increase in Mg content and the peak in the 
FOMLSP curve blue shifts from 380 nm for pure Mg (5.2 Å/s) to about 330 nm (a shift of 





films also have slightly higher FOMLSP than pure Mg film at the short wavelengths due to 
the blue shift even though the FOMLSP peak is lowered.  FOMSPP values for the group 2 
Mg-rich alloy films lie between those of pure Al and Mg films but 91Mg-9Al and 97Mg-
3Al alloy films have higher FOMSPP than either Mg or Al beyond 600 nm (Figure 5.6(c)). 
Figure 5.7 shows the plot of FOMLSP value and peak position as a function of composition 
for Mg-rich Mg-Al alloy films.  The FOMLSP value of Mg-rich Mg-Al alloy films increases 
from 4.1 to 7.9 (pure Mg) with increase in Mg concentration.  As discussed earlier, the 
addition of Al to Mg blue shifts the FOMLSP peak position of Mg.  However, increase in 
Mg content beyond about 70 at.% red shifts the FOMLSP peak position towards the peak 
position for pure Mg.  
 
5.4.5 Al-rich Mg-Al alloy thin films 
Figure 5.8(a) and (b) show the optical constants 1 and 2 as a function of incident 
wavelength for Al-rich Mg-Al alloy thin films.  Figure 5.8(a) shows that the 1 values for 
Al-rich Mg-Al alloy films lie between pure Al and Mg films.  However, wavelengths from 
~350 to 650 nm, Al-rich Mg-Al alloy films suffer higher losses (higher 2 values) when 
compared to both pure Al and Mg as shown in Figure 5.8(b).  Figure 5.8(c) shows a plot 
of the FOMLSP versus wavelength and Figure 5.8(d) shows a plot of the FOMSPP versus 
wavelength.  FOMLSP values increases with the increase in Al content and the FOMLSP 
curve of pure Al blue shifts from 330 nm to 280 nm (a shift of about 50 nm) for 65Al-
35Mg film when compared to pure Al film but the values are still lower than pure Mg. 







5.4.6 Transmission measurements of nanotriangles 
Transmission measurements of nanotriangle arrays were performed using a Perkin 
Elmer Lambda 750 UV/Vis/NIR spectrophotometer with a cleaned quartz slide as a 
reference over a wavelength range of 200−2500 nm in air with a spot size of 1 cm.2  Plots 
of ε1, ε2, and FOMLSP as a function of wavelength (250 to 1700 nm) for pure Mg, pure Al, 
81Mg-19Al, and 91Mg-9Al alloy films are shown in Figure 5.9(a), (b), and (c).  For the 
fabrication of NTs, large PS bead templates were used to investigate the effect that alloying 
has on the LSPR response.  These particles exhibit multiple LSPR modes from the UV to 
the NIR wavelengths as shown in Figure 5.9(d).  As expected, Mg has poor plasmonic 
properties at these long wavelengths compared to pure Al.  The Mg nanotriangles exhibit 
a broad, low intensity LSPR peak around 1250 nm attributed to a dipole mode as well as a 
broad shoulder in the visible wavelength that may be associated with a higher order 
quadrupole mode.  Both a lack of structural integrity and LSPR coupling also may 
contribute to the broadness of the dipole peak.  Pure Al nanotriangles exhibit multiple sharp 
LSPR peaks in the visible and NIR (near-infrared) wavelength range attributed to both 
dipole and quadrupole resonance modes.18  The spectral response for the Al nanotriangles 
is relatively featureless in the UV. 
By alloying Mg with Al, considerable improvement is seen in the LSPR response 
versus pure Mg particles, especially at longer wavelengths.  In addition to the sharp dipole 
resonance at 1200 nm, the alloyed structures exhibit a smaller response at 700 (assigned to 
a quadrupole mode) and longer wavelength response centered at 1750 nm attributed to 
LSPR coupling between NTs.  





for structuring at the nanoscale.  However, the film studies show that alloying Mg with Al 
improves the plasmonic properties in the UV-Vis range, the addition of Al may also have 
an added benefit of helping the Mg to form better defined structures at nanometer sizes. 
Figure 5.10 shows SEM images comparing nanotriangles of Al, Mg, and 91Mg-9Al 
fabricated using 1400 nm PS templates.  These images clearly show the Mg particles are 
much less defined and have a considerable variation in shape when compared to Al NTs 
fabricated in a similar fashion.  As expected, this lack of definition leads to a severe 
broadening of the LSPR response of pure Mg as shown in Figure 5.9(d).  However, alloying 
Mg with Al results in well-defined triangular shaped particles (Figure 5.10(c)), when 
compared to pure Mg.  In addition, relatively sharp LSPR peaks are observed in the 
extinction spectra (Figure 5.9(d)).  Addition of Al to Mg would tend to form MgO-Al2O3 
spinel oxide which also stabilizes the shape of nanotriangles.  In addition to rigorous 
structural studies, a thorough theoretical analysis would also be required to elucidate the 
contributions that shape and metal composition have on the observed LSPR response. 
 
5.5 Conclusions 
In summary, the results show that on increasing the deposition rate from 1.8 to 7.0 
Å/s, the FOMLSP of Mg films was found to increase.  This could be attributed to the reduced 
surface roughness of the film which dominates the optical response when compared to 
electron scattering by grain size.  The addition of Al to Mg tends to blue shift the FOMLSP 
peak, resulting in small regions in the UV where an increased FOM can be realized.  In the 
case of nanotriangle fabrication, addition of Al to Mg leads to considerable improvement 





results in well-defined triangular shaped particles when compared to pure Mg, which 










Table 5.1 Phases present in Al-Mg system at room temperature (based on [26]). 
Composition Range  Equilibrium Phase Region(s) at 
Room Temperature 
Crystal Structure / Space 
Group 
0 to ~1 at.% Mg Al solid solution (α) FCC / Fm3m 
~1 to 38.5 at.% Mg α + Al3Mg2 - 
38.5 to 40.3 at.% Mg Al3Mg2 (β) Cd2Na type / Fd3m(0ℎ
7) 
40.3 to ~60 at.% Mg β + Al12Mg17 - 
~60 at.% Mg Al12Mg17 (γ) α-Mn type / I43m 
~60 to 99 at.% Mg Al12Mg17 + Mg solid solution - 
~99 to 100 at.% Mg Mg solid solution HCP / P63/mmc 
 
 
Table 5.2 Average composition of various Mg-Al alloy thin films. 
 
Alloy 
Sputter Power (W) 




Rate (Å/s)  RF (Mg) DC (Al) 
 Pure Al 25 - - 100 - ~4 
 35Mg -65Al  19 36 34.9 65.1 ±0.5 1.8
(a) 
 41Mg-59 Al 19 30 41.1 58.9 ±0.5 1.8
(a) 
 48Mg-52Al 19 27 48.3 51.7 ±0.3 1.9
(a) 
 51Mg-49Al 38 30 51.0 49.0 ±0.3 2.4
(a) 
 58Mg-42Al 25 15 57.6 42.4 ±0.7 2.1
(a) 
 70Mg-30Al 34 15 70 30 ±0.5 2.1
(a) 
 81Mg-19Al 60 13 81.3 18.7 ±0.3 4.8
(a) 
 86Mg-14Al 60 10 86.2 13.8 ±1.3 5.4
(a) 
 91Mg-9Al 60 8 90.6 9.4 ±0.5 5.3
(a) 
 97Mg-3Al 60 5 96.6 3.4 ±0.2 5.2
(a) 
 Pure Mg 60 - 100 - - 5.2 




































Figure 5.1 Surface roughness changes depending on deposition rate. AFM images of 100 
nm thick Mg films on quartz with various deposition rates: (a) 1.8, (b) 5.2, and (c) 7.0 Å/s. 
 
 
Figure 5.2 Optical response of Mg thin films deposited at different rates. Plots of (a) 1, 
(b) 2, (c) LSP figure of merit, and (d) SPP figure of merit as a function of wavelength for 







Figure 5.3 XRD patterns of Mg-Al alloy films on quartz substrate. 
 
 
Figure 5.4 Surface roughness is dependent on alloy composition. AFM images of Mg-rich 













Figure 5.5 Optical response of thin alloy films that are predominantly Mg. Plots of (a) 1, 
(b) 2, (c) LSP figure of merit, and (d) SPP figure of merit as a function of wavelength for 
group 1 Mg-rich Mg-Al alloy films on quartz. (The deposition rates for the various thin 











Figure 5.6 Optical response of thin alloy films rich in Al. Plots of (a) 1, (b) 2, (c) LSP 
figure of merit, and (d) SPP figure of merit as a function of wavelength for group 2 Mg-
rich Mg-Al alloy films on quartz. (The deposition rates for the various thin films in this 
image are shown in Table 5.2.) 
 
 
Figure 5.7 Plot of FOMLSP value and its peak position (square) as a function of composition 











Figure 5.8 Optical response of thin alloy films rich in Al. Plots of (a) 1, (b) 2, (c) LSP 
figure of merit, and (d) SPP figure of merit as a function of wavelength for Al-rich Mg-Al 












Figure 5.9 Optical response of Mg-Al alloys used for nanotriangle fabrication. Plots of (a) 
1, (b) 2, and (c) LSP figure of merit as a function of wavelength for Mg-rich Mg-Al alloy 
films on quartz, and (d) comparison of extinction spectra of nanotriangles of Mg, Al, 




Figure 5.10 Sputtering Mg and Mg-Al alloys films over close-packed PS beads results in 
nanotriangles. SEM images of nanotriangles of (a) pure Mg, (b) pure Al, and (c) 91Mg-







(1) S. A. Maier and H. A. Atwater, “Plasmonics: Localization and guiding of 
electromagnetic energy in metal/dielectric structures,” J. Appl. Phys. 98(1), 011101 (2005).  
 
(2) D. Gérard and S. K. Gray, “Special issue on aluminium plasmonics,” J. Phys. D Appl. 
Phys. 48(18), 180301 (2015).  
 
(3) K. Appusamy, S. Blair, A. Nahata, and S. Guruswamy, “Low-loss magnesium films for 
plasmonics,” Mater. Sci. Eng. B 181, 77–85 (2014).  
 
(4) K. Appusamy, X. Jiao, S. Blair, A. Nahata, and S. Guruswamy, “Mg thin films with Al 
seed layers for UV plasmonics,” J. Phys. D Appl. Phys. 48(18), 184009 (2015).  
 
(5) J. H. Simmons and K. S. Potter, Optical Materials (Academic Press 2000).  
 
(6) H. Ehrenreich and H. R. Philipp, “Optical properties of Ag and Cu,” Phys. Rev. 128(4), 
1622–1629 (1962).  
 
(7) M. H. Chowdhury, S. Chakraborty, J. R. Lakowicz, and K. Ray, “Feasibility of using 
bimetallic plasmonic nanostructures to enhance the intrinsic emission of biomolecules,” J 
Phys Chem C Nanomater Interfaces 115(34), 16879–16891 (2011).  
 
(8) D. A. Bobb, G. Zhu, M. Mayy, A. V. Gavrilenko, P. Mead, V. I. Gavrilenko, and M. 
A. Noginov, “Engineering of low-loss metal for nanoplasmonic and metamaterials 
applications,” Appl. Phys. Lett. 95(15), 151102 (2009).  
 
(9) C. Gong and M. S. Leite, “Noble metal alloys for plasmonics,” ACS Photonics 3(4), 
507–513 (2016).  
 
(10) C. Zhang, D. Zhao, D. Gu, H. Kim, T. Ling, Y.-K. R. Wu, and L. J. Guo, “An ultrathin, 
smooth, and low-loss Al-doped Ag film and its application as a transparent electrode in 
organic photovoltaics,” Adv. Mater. 26(32), 5696–5701 (2014).  
 
(11) D. Gu, C. Zhang, Y.-K. Wu, and L. J. Guo, “Ultrasmooth and thermally stable silver-
based thin films with subnanometer roughness by aluminum doping,” ACS Nano 8(10), 
10343–10351 (2014).  
 
(12) D. Zhao, C. Zhang, H. Kim, and L. J. Guo, “High-performance Ta2O5/Al-doped Ag 
electrode for resonant light harvesting in efficient organic solar cells,” Adv. Energy Mater. 
5(17), 1500768 (2015).  
 
(13) J. A. Woollam, B. D. Johs, C. M. Herzinger, J. N. Hilfiker, R. A. Synowicki, and C. 
L. Bungay, “Overview of variable-angle spectroscopic ellipsometry (VASE): I. Basic 






(14) B. D. Johs, J. A. Woollam, C. M. Herzinger, J. N. Hilfiker, R. A. Synowicki, and C. 
L. Bungay, “Overview of variable angle spectroscopic ellipsometry (VASE), Part II: 
Advanced applications,” Proc. SPIE CR72, 29–58 (1999).  
 
(15) J. C. Hulteen and R. P. Van Duyne, “Nanosphere lithography: A materials general 
fabrication process for periodic particle array surfaces,” J. Vac. Sci. Technol. A Vacuum, 
Surfaces. Film. 13(3), 1553–1558 (1995). 
 
(16) P. Moitra, B. A. Slovick, W. li, I. I. Kravchencko, D. P. Briggs, S. Krishnamurthy, 
and J. Valentine, “Large-scale all-dielectric metamaterial perfect reflectors,” ACS 
Photonics 2(6), 692–698 (2015).  
 
(17) K. Chen, B. B. Rajeeva, Z. Wu, M. Rukavina, T. D. Dao, S. Ishii, M. Aono, T. Nagao, 
and Y. Zheng, “Moiré nanosphere lithography,” ACS Nano 9(6), 6031–6040 (2015).  
 
(18) G. H. Chan, J. Zhao, G. C. Schatz, and R. P. Van Duyne, “Localized surface plasmon 
resonance spectroscopy of triangular aluminum nanoparticles,” J. Phys. Chem. C 112(36), 
13958–13963 (2008).  
 
(19) C. R. M. Grovenor, H. T. G. Hentzell, and D. A. Smith, “The development of grain 
structure during growth of metallic films,” Acta Metall. 32(5), 773–781 (1984).  
 
(20) H. Savaloni and M. A. Player, “Influence of deposition conditions and of substrate on 
the structure of uhv deposited erbium films,” Vacuum 46(2), 167–179 (1995).  
 
(21) K. M. McPeak, S. V. Jayanti, S. J. P. Kress, S. Meyer, S. Iotti, A. Rossinelli, and D. 
J. Norris, “Plasmonic films can easily be better: rules and recipes,” ACS Photonics 2(3), 
326–333 (2015).  
 
(22) D. A. Bobb, G. Zhu, M. Mayy, A. V. Gavrilenko, P. Mead, V. I. Gavrilenko, and M. 
A. Noginov, “Engineering of low-loss metal for nanoplasmonic and metamaterials 
applications,” Appl. Phys. Lett. 95(15), 151102 (2009).  
 
(23) M. G. Blaber, M. D. Arnold, and M. J. Ford, “A review of the optical properties of 
alloys and intermetallics for plasmonics,” J. Phys. Condens. Matter 22(14), 143201 (2010).  
 
(24) A. V. Zayats, I. I. Smolyaninov, and A. A. Maradudin, “Nano-optics of surface 
plasmon polaritons,” Phys. Rep. 408(3–4), 131–314 (2005).  
 
(25) R. C. O’Handley, D. K. Burge, S. N. Jasperson, and E. J. Ashley, “Residual gas and 
the optical properties of silver films,” Surf. Sci. 50(2), 407–433 (1975).  
 
(26) K. Yoshihara and K. Nii, “The effect of oxygen potential on the surface self-diffusion 







(27) T. B. Massalski, J. L. Murray, L. H. Bennett, and H. Baker, Binary Alloy Phase 










MAGNESIUM NANOHOLE ARRAYS 
 
6.1 Introduction 
There has been recent interest in plasmonic metals beyond gold and silver due to 
their inability to support plasmon resonances in the UV wavelength range.  Many 
biological molecules absorb light at these low wavelengths and photocatalytic events are 
more likely to occur at these higher energies.  Conventional plasmonic metals, such as 
silver and gold, are ill-equipped to support plasmon resonances at these low wavelengths 
because their interband transition lies at 350 and 450 nm, respectively.  The presence of 
the interband transition leads to the excitation of electron-hole pairs instead of a collective 
electron oscillation.1, 2  The use of non-noble (or poor) metals has been investigated as an 
alternative to Au and Ag at low wavelengths (<450 nm).2  While Al is typically used for 
plasmonics in the UV range, it has been shown that Mg can have superior plasmonic 
properties at these wavelengths.3-5  
Previous studies using Mg for plasmonics revealed that this metal is difficult to 
structure at the nanoscale.  A common nanosphere lithography approach to nanotriangle 
fabrication that works well for other plasmonic metals such as gold, silver, aluminum, and 
copper did not work well for magnesium.6-10  Prior work demonstrates that pure Mg does 
not form defined nanotriangles, instead the structures are rounded out where there should 





method and used for hydrogen storage.11  However, the emphasis of this work was using 
the plasmonic properties of the Mg as a redox indicator, not the plasmonic properties of 
Mg itself at low wavelengths.  The fabrication of a plasmonic hole-array was employed to 
study the plasmonic properties of Mg.  Hole-array structures have shown promising 
application in fields ranging from surface-enhanced Raman spectroscopy to lasing.12-16  
While Mg-hole arrays have shown promise in fluorescent lifetime modification, these 
structures were fabricated using focused ion-beam milling.5  This technique is costly and 
covers a limited surface area, however, nanosphere lithography allows for the cost-
effective fabrication of a hole array over large substrate areas.  
One advantage of a hole array structure is the ability to excite surface plasmon 
polaritons in addition to localized surface plasmon resonances.12, 17  The excitation of LSPR 
modes using a normal incidence geometry is quite typical and one of the advantages of 
using small metal nanoparticles for plasmonics.  The excitation of a surface plasmon 
polariton (SPP) in a continuous metal film requires matching the wave vectors of the SPP 
and incident photon, which can be accomplished through the use of a prism.  By using 
nanometer sized holes, wave vector matching can be achieved without the use of a prism. 
Here we have fabricated hexagonally close-pack nanohole arrays using nanosphere 
lithography to explore the plasmonic properties of nanostructured Mg. 
 
6.2 Materials and Methods 
 Mg sputter targets were prepared by rolling Mg (99.99+%) from U.S. Magnesium 
to a size of 50 x 6.25 mm.  Quartz substrates were cleaned for 45 min in piranha acid (3:1 
volume ratio H2SO4: H2O2) and rinsed three times in water prior to use.  Cleaned quartz 





Aldehyde functionalized polystyrene (PS) microsphere templates were diluted 1:1 (volume 
ratio) in 200 proof ethanol and introduced to the petri dish using a microliter syringe pump.  
Once a monolayer of PS templates had formed at the water-air interface, as visible by eye, 
the water was pumped out of the petri dish using a peristaltic pump, transferring the 
monolayer to the quartz substrates.18  PS microspheres were then shrunk using an oxygen 
plasma (Oxford).12  Shrinking creates gaps in between the PS microspheres and leads to 
the templates that will define the nanopatterned film. 
Thin, 25 nm films of magnesium were deposited in a custom built magnetron 
sputter chamber at base pressures of <3 x 10-7 Torr.  After base pressure was achieved, 
argon gas was introduced into the chamber at a flow rate of 3.0 x 10-2 cc/min for 3 h prior 
to metal deposition to purge the chamber of any potential oxygen.  Mg was deposited using 
an Advanced Energy 500 W RF power supply at a pressure of 2.5 x 10-3 Torr.  Prior to 
deposition, the target was presputtered with the shutter closed for 10 min.  This extended 
presputtering time was done to ensure that no oxidized magnesium would be deposited 
onto the substrates.   Mg was deposited at a rate of 5 Ǻ/s as it has been shown that reactive 
metals should be deposited quickly to prevent the incorporation of oxygen, leading to better 
plasmonic films.19  The metal film thickness and deposition rate was monitored using a 
quartz crystal microbalance.  PS templates were removed from the substrates using 3M 
scotch tape, leaving the Mg hole array attached to the substrate.   
Substrates were characterized using UV/Vis transmission measurements and 
acquired with a normal incidence excitation using a Perkin Elmer Lambda 750 with a 1 
cm2 spot size.  Spectra were acquired over a range of 200-2500 nm.  Reflectance 





Elmer.  Hole diameter and surface roughness were characterized using a Bruker Dimension 
ICON-PT atomic force microscope (AFM). 
 
6.3 Results and Discussion 
Mg hole arrays were fabricated by close-packing and shrinking close-packed PS 
templates.  Tuning of the pitch (distance between holes) was accomplished by changing 
the PS template size while the hole diameter was tuned by adjusting the plasma etch time.  
Figure 6.1A shows the AFM characterization of a 25 nm thin film of Mg deposited on a 
clean quartz substrate.  Like Al, Mg is susceptible to oxidation and consequently a quality 
plasmonic film must be deposited rapidly.  A fast metal deposition rate leads to grains in 
the film as they are regions of pure metal separated by oxide.19  Arrays with a pitch of 400 
nm and hole diameters of 330, 285, and 212 nm are shown in Figure 6.1 B, C, and D, 
respectively.  Inside each of the holes there is evidence of either a ring or region of material 
that is taller than the metal film.  This material is left over from the oxygen plasma etching 
of the PS templates.  As the plasma etches the templates, some of the material redeposits 
underneath the sphere where it is protected from further plasma treatment.  Since this 
material is essentially melted to the substrate, it does not come off with the scotch tape 
removal of the PS templates.  This material can be removed using a strong nonpolar solvent 
such as toluene.  To prevent the influence of this dielectric material on the plasmonic 
response, substrates were soaked in toluene overnight to remove any residue.   
As the hole diameter decreases, the substrate is covered by a larger portion of the 
Mg film.  Consequently, the transparency of small-diameter hole arrays begins to reflect 
an unmodified 25 nm Mg film (Figure 6.2).  Transmission spectra of a 400 nm pitch hole 





phenomenon (Figure 6.2A).  In addition to a decrease in the optical transmission, changing 
the hole size leads to changes in the SPP and LSPR modes.12  The prominent features are 
labeled in the spectra.  For a 330, 285, and 210 nm diameter hole arrays, a peak in 
transmission is observed at 1085,  960, and 835 nm, respectively, and the line shape 
broadens as the hole diameter increases (Figure 6.2A-1).12  A dip, or decrease, in the 
transmission is observed at 400 nm and coincides with the pitch of the hole array (Figure 
6.2A-3).  The most prominent feature in all these transmission measurements is the dip 
around 600 nm (Figure 6.2A-2). This dip shifts slightly in response to changes in the hole 
diameter, from 600 nm for a 212 nm diameter hole to 635 nm for a 333 nm diameter hole. 
When the pitch of the HNA is decreased to 330 nm, similar spectral features are 
observed (Figure 6.2B).  Indeed the general shape of the transmission spectra are preserved, 
albeit shifted to shorter wavelengths (Figure 6.2C).  The prominent dip in transmission 
shows a slight blue-shift from 525 nm to 505 nm as the template diameter increases (6.2B-
2).   The 330 nm pitch hole arrays exhibit a broadening and red-shifting of the transmission 
peak (6.2B-1).  Again, we expect to observe a dip in transmission that corresponds to the 
pitch of the hole array.  While this dip is present in our optical spectra, it shifts slightly 
based on hole diameter (Figure 6.2B-3).  Comparing two hole arrays with similar hole 
diameters, but different spacing, shows that most of the spectral features are shifting as a 
result of pitch (Figure 6.2D).  The two spectra are very similar except for the width of the 
dip (Figure 6.2D-1).  
Reflection measurements were collected with both specular and diffuse reflected 
light (Figure 6.3).  Using the combination of transmission and reflection spectra, the 





have a higher overall reflectivity (Figure 6.3A/B) due to the higher portion of metal film.  
Increased reflectivity at discrete wavelengths is the result of an increased scattering due to 
LSPR.  For a 330 nm pitch hole array, there are three features that lead to an increased 
reflectivity for both hole diameters.  For a 129 nm diameter hole, increased reflectivity is 
observed at 1530 nm, 490 nm, and 330 nm (Figure 6.3A/C).  The peak at longer 
wavelengths increases to 1605 nm for a larger diameter hole (Figure 6.3B).  However. the 
two lower wavelength peaks at 490 nm and 330 nm do not shift as the hole diameter 
increases to 195 nm (Figure 6.3D).  
Previous simulations show that the maximum absorption also coincide with the 
largest electric field enhancement.12  Tuning the location of this absorption peak is of 
interested for SERS applications and is accomplished through changes in the HNA 
diameter (Figure 6.3C/D).  By changing the hole diameter from 195 nm to 130 nm, the 
maximum absorption peak is shifted from 560 nm to 600 nm, respectively.  A broad 
absorption peak is observed between 340-370 nm and is associated with the periodicity of 
the hole array.  
Observing and assigning wavelengths to different features in our hole array spectra 
is fairly straightforward.  Assigning the observed features to LSP or SPP modes is slightly 
more complex and will require theoretical simulations.  However, a preliminary assignment 
of the three different spectral features will be made.  In the transmission spectra, the dip 
labeled “2” is presumed to be due to a LSP mode.  This mode exhibited the strongest peak 
in the reflection measurement, indicating that is scattering the incident light.  LSP modes 
are known to strongly absorb and scatter light.20  The alternate dip in the transmission 





wavelength of light that matches the periodicity of the array couples into the hole array 
structure, leading to a decreased transmission.  For now, the peak in transmission labeled 
“1” is being attributed to the SPP of the hole array.  An increase in the transmission is 
observed for this mode, and has been attributed to a phenomenon called enhanced optical 
transmission (EOT).12, 13, 21-24  EOT is attributed to the SPP on both sides of the hole array 
reconnecting and reradiating the light.    
 
6.4 Conclusions 
 Nanosphere template lithography was used to fabricate nanohole arrays in Mg thin 
films.  The optical properties of these nanostructured films were tuned by changing the 
pitch and diameter of the hole array.  Unlike the Mg nanotriangles, these hole arrays 
retained their intended nanometer scale features.  Additional theoretical work is still 
required to assign the spectral features to either LSP or SPP modes, however, a preliminary 
assignment based on related literature was made.  Much experimental work is needed to 
make Mg competitive with Al as a plasmonic material, specifically, its lack of stability in 
the presence of water.  However, its optical properties are favorable, and with some 










Figure 6.1 Structural characterizations of Mg hole arrays were conducted using AFM.   
The surface roughness of a 25 nm thin film of Mg (A) shows that the film is continuous. 
B-D) Hole array in a 25 nm film of Mg fabricated using nanosphere template lithography. 
















Figure 6.2 Transmission UV/Vis/NIR measurements of Mg hole arrays. A) 400 nm and 
330 nm (B) pitch hole arrays with varying hole diameters. C) Plot of the SPP (>800 nm) 
and LSP (<800 nm) modes for the different pitch and diameter hole arrays. D) A 

















Figure 6.3 Comparing the reflected and transmitted spectra helps to distinguish between 
SPP and LSP modes.  Reflection (R) and transmission (T) measurements for 330 nm pitch 
hole arrays with 129 nm (A/C) and 195 nm (B/D) diameter holes. Absorption (A) was 
calculated as A = 100 – T – R.  Transmission measurements are the result of absorption 
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CONCLUSION AND FUTURE WORK 
 
7.1 Conclusion 
 A method for fabricating aluminum nanocrescents (AlNCs) was developed by 
combining nanosphere template lithography (NTL) with a sacrificial copper mask.  This 
method is a cost-effective way to produce oriented AlNCs over large substrate areas.  These 
AlNCs have localized surface plasmon resonances (LSPR) that can be tuned from the UV 
through IR wavelength range simply by changing the template size.   For the first time, 
NCs with dipole resonances in the UV were successfully fabricated.  The oxide layer 
thickness of AlNCs was subsequently characterized using energy dispersive spectroscopy 
(EDS) with high-resolution scanning transmission electron microscopy (HR-S/TEM).  HR-
S/TEM revealed that the native oxide layer of the Al was unaffected by the fabrication 
process.  This was expected as these particles demonstrated particularly strong LSPR 
throughout the UV, visible, and near-infrared wavelength ranges.1 
 AlNCs were shown to be useful for spectroscopic enhancement in the infrared 
wavelength range.  First, the particle density had to be maximized to increase the overall 
signal.  By arranging the polystyrene templates in a hexagonal close-packed array and 
subsequently shrinking the templates with an oxygen plasma, the surface density of AlNCs 
was maximized.  Arrays of AlNCs were tuned to have LSPR in the IR wavelength range. 





infrared absorption (SEIRA) of an array of AlNCs was measured.  Arrays of Au and AlNCs 
were shown to enhance the IR absorption of a monolayer of molecules on the surface.  
Combining NTL with a sacrificial copper layer allows for the fabrication of more complex 
nanoparticle geometries.  Coupled nanoparticle systems were made using the native oxide 
of aluminum as a spacer between two nanocrescents.  Arrays of dimer nanocrescents were 
shown to have optical spectra far more complex than anticipated.  Additional complexity 
was achieved by utilizing two different plasmonic metals to produce bimetallic dimer 
nanocrescents. 
 Magnesium was investigated as an alternative metal to Al for plasmonics in the UV 
wavelength range.  Alloying Mg with Al improved the LSP figure of merit in the UV 
wavelength range.  Fabricating Mg nanotriangles proved to be challenging, as sharp 
features, which lead to large field enhancements, were not supported by Mg.  By alloying 
Mg with Al, an improvement was observed in the nanoscale structure.  To continue 
investigating the LSPR properties of Mg, nanohole arrays were fabricated.  These hole 
arrays support both surface plasmons and localized surface plasmons.  Due to the lack of 
sharp features, there was no issue in the maintaining the nanoscale geometry. 
 
7.2 Future Work 
 Research showing the utility of AlNC system in surface-enhanced spectroscopies, 
in addition to SEIRA, is necessary.  Preliminary work showing that the particles enhanced 
IR absorption is a promising start.  The basic premise of the project was that Al supports 
plasmons in the UV, which we have shown.  However, it is necessary to demonstrate that 
AlNCs can enhance fluorescence and Raman signal as predicted.  These particles are 





spectroscopy (SERS) due to their sharp tips and large field enhancements.2  Additionally, 
both SEIRA and SERS enhancement may be possible on a single AlNC substrate. 
Further characterization is required to show that there is in fact a uniform gap 
separating the two particles.  While the complex optical response is indicative of plasmonic 
coupling, further characterization is required to confirm some of the structural details.  EDS 
combined with HR-S/TEM would be the best instrument accessible for characterizing such 
a small gap.  Additionally, finite difference time domain (FDTD) simulations are necessary 
to provide insight into the magnitude and shape of the near field enhancement of these 
particles.  These DNCs structures could prove to be very useful in surface-enhanced 
spectroscopies such as SERS and SEIRA.  Additional studies concerning the chiroptical 
response of these structures must also be conducted.  Do to their asymmetric structure and 
gap separation in the z-direction, DNCs may interact strongly with circularly polarized 
light.  If so these structures have the potential to be used in superlensing, chiral catalysis, 
and may be useful as a negative refractive index material. 
Significant work remains for magnesium to be a viable metal in plasmonic 
applications.  While the optical properties of Mg are favorable over the UV and visible 
wavelength ranges, the chemical reactivity of the metal is a severe hindrance.  Since Mg 
oxidizes rapidly in the presence of water, it cannot be used in any biological applications.  
The stability of the Mg-Al alloys in the presence of water should be examined to determine 
the uses of such alloys for plasmonics.  Alternative methods for the passivation of Mg 
include plasma etching with SF6 or CF4.  This would, theoretically, provide a thin layer of 
MgF2 over the surface that would prevent water from oxidizing the nanostructures and 





a Mg film, these targets are expensive; consequently plasma etching may be a more cost-
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